AMENDMENT UNDER 37 C.F.R. §1.111 
U.S. Appln.No.: 10/502,279 



Atty. Docket No.: Q82704 



REMARKS 

L Formal Matters 

A. Status of Claims 

Claims 20-23 are pending. Withdrawn claims 1-16 and 19 have been canceled without 
prejudice. 

Original claims 17 and 18 have been replaced with new claims 20-23. Support for claims 
20-23 is found, for example, in original claims 17-18, in the description from page 53 to page 55, 
line 4, and in the description at page 54, lines 12-16. 

B. Information Disclosure Statements 

The Examiner signed and returned the PTO forms SB/08 that accompanied the 
Information Disclosure Statements filed on October 26, 2004 and on February 1, 2006. 

The Examiner indicated that U.S. Patent No. 6,365,365 was not considered due to a 
typographical error on the SB/08 form. The Examiner further indicated that for JP 2001-340080, 
only pages 6 and 7 were considered. 

Submitted herewith is an IDS that correctly cites U.S. Patent No. 6,365,365 and that 
includes a machine-generated English translation of JP 2001-340080, for consideration by the 
Examiner. 
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C Drawings 

At page 4 of the Office Action, the Examiner objected to the Drawings because Figures 
1 A, IB, 1C, 6A and 6B were not described in the specification. Corrected Drawing sheets, or 
alternatively amendments to the specification to add the reference characters to refer to Figures 
1A, IB, 1C, 6 A and 6B, were required. 

In response, the description of the figures in the specification has been amended. Support 
for the amendments is found in the Figures themselves. 

D. Specification 

The Examiner objected to the abstract of the disclosure for containing more than 150 

words. 

In response, Applicant submits a new abstract. 

II. Detailed Action 

A. Claim Objections 

Claims 17 and 18 were objected to for the following reasons: 

1. The Examiner asserted that use of the term "ameliorating" to describe an effect on 
insulin resistance is ambiguous, as it is unclear to the Examiner if "ameliorating" means 
preventing, curing or treating. 

The new claims use the word treating, thus rendering this objection moot. 
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2. The Examiner asserted that the use of the term "represented" in claim 1 7 was 
unclear, since the term encompasses modified polynucleotides. 

The Examiner's position is not entirely clear. However, the new claims do not use the 
language objected to. Rather the new claims recite that the promoter either "comprises" or 
"consists of the nucleotide sequence of SEQ ID NO: 26. 

Thus this objection is rendered moot. 

3. The Examiner considered the phrase "transcription promoter activity" ambiguous 
in the context of claim 17, because it was not clear to the Examiner whether SEQ ID NO:26 has 
promoter activity, alters promoter activity, or is controlled by a promoter. 

This phrase is not used in the new claims, thus rendering this objection moot. 

B. Claim Rejections - 35 U.S. C. §112 

1. Claims 17-18 were rejected under 35 U.S.C. §112, first paragraph, as failing to 
comply with the written description requirement. 

Applicant understands the Examiner to be raising the following points. 

(a) The Examiner asserted that there are no definitions for "deleted, substituted, inserted." 
The words "deleted, substituted and/or inserted," are not in the new claims. 

(b) The Examiner contended that the specification does not show definitively that SEQ 
ID NO:26 contains the promoter region for the FLJ131 1 1 gene because of the low levels of 
luciferase activity that are allegedly shown in the specification for the reporter gene construct. 
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As explained in the Rule 132 declaration submitted herewith, the data in Fig. 9 was 
incorrectly labeled as representing the ratio of the luciferase activity divided by the 0- 
galactosidase activity. However, in fact, Fig. 9 contains the raw data, i.e., the luciferase activity 
without being normalized by the (3-galactosidase activity. Nonetheless, the data in Example 14 
(and Fig. 9) still prove that SEQ ID NO:26 has a promoter for FLJ131 1 1. 

As explained by the declarant, the reason is as follows. The method utilized in Example 
14 is a method for searching for and identifying a promoter region for a certain gene by 
comparing the case of a vector which is obtained by inserting the test DNA fragment (DNA 
fragment to be checked for existence of a promoter region) into pGL3 with the case of pGL3 (a 
vacant vector containing no DNA fragment) as a control. Such a method itself was well known 
at the time of filing this application, as is clear from the references (1) to (6), for example 
submitted with the declaration. In these references, a plasmid obtained by inserting a DNA 
fragment into pGL3 was prepared and the promoter activity was measured by using, as an index, 
the reporter activity in the case of the DNA fragment-inserted plasmid in comparison with the 
pGL3 (vacant vector). If the reporter activity in the case of the DNA fragment-inserted plasmid 
is higher than the reporter activity in the case of pGL3 (vacant vector), this means that the 
inserted DNA fragment has a promoter region. 

The declarant further explains that it is also common to show the relative activity values 
(XX fold by taking the value in the case of the vacant vector to be "1") and not to show the raw 
data itself or the values obtained by dividing by the transfection efficiency (cf. references (2), 
(4)-(7) submitted with the declaration). 
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(1) Masumoto N, Chen J, Sirotnak FM. 

Regulation of transcription of the murine gamma-glutamyl hydrolase gene. 
Delineation of core promoter A and the role of LYF-1, E2F and ETS-1 in determining 
tumor-specific expression. 
Gene. 2002 May 29;291(l-2):169-76. 

(cf. page 170, left column, 2,1. Analysis of promoter activity, Fig. 1) 

(2) Tzeng SJ, Huang JD. 

Transcriptional regulation of the rat Mrp3 promoter in intestine cells. 
Biochem Biophys Res Commun. 2002 Feb 22; 291(2):270-7. 
(cf. Fig. 2) 

(3) Liang L, Major T, Bocan T. 

Characterization of the promoter of human extracellular matrix metalloproteinase inducer 
(EMMPRIN). 

Gene. 2002 Jan 9;282(l-2):75-86. 
(cf. Fig. 3) 

(4) Human Molecular Genetics, 2001, Vol. 10 No. 26, 3101-3109 

(5) Biochemical and Biophysical Research Communication 286, 381-387 (2001) (cf. 
Fig. 2B) 

(6) Gene 275 (2001), 93-101 
(cf Fig, 3) 
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(7) Endocrinology 142(9); 3987-3995, 2001 
(cf. Fig. 4) 

The declarant goes on to state that Fig. 9 shows that the reporter vector having the 
sequence of SEQ ID NO: 26 showed about 29 times higher luciferase induction in comparison 
with the control reporter vector pGL3 having no promoter (please compare the lane 1 (left side) 
and lane 2 (second lane from the left side)). Accordingly, the luciferase activity induced by SEQ 
ID NO: 26 is not low. The difference between the control reporter vector pGL3 and the reporter 
vector having the sequence of SEQ ID NO: 26 is significant (the P value is 0.000930527; ** 
(double stars), when * (single star) is 0.05 or less and ** (double star) is 0.01 or less). 

Further, according to the declarant, the promoter activity is different among different 
genes and among different types of cells. It is not common in the field of reporter assays to use a 
known reporter as a control. As shown in the above cited references, it is common to use the 
value in the case where the vacant vector (e.g., pGL3) is taken as the baseline control. 

The declarant also points out that the luciferase activity differs depending on the retaining 
time of the vector in cells, type of cell, conditions of the measurement apparatus, etc. The fact 
that the value differs depending on the cell type is described in the Promega's web sites (Legend 
in Fig. 6). As described above, it is quite common to carry out comparison against the vacant in 
under the same experiment. The Examiner compares the values obtained in different 
experiments in the same way, which is meaningless. For example, it is meaningless to compare 
the value available on Promega's web site with the values of this experiment. 
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Furthermore, as established by the Rule 132 declaration, when the data in Fig. 9 is 
divided by the |3-galactosidase activity, the results are almost unchanged. That is, it is still 
correct that the value of lane 2 (the case in which a vector having the sequence of SEQ ID NO: 
26 was used) was about 29 fold when the value of the lane 1 (the case of vacant vector) is taken 
as " 1 (1.6495/0.0561 is about 29 and 1030,94/35.06 is about 29). 

Accordingly, Applicant submits that Fig. 9 does evidence that SEQ ID NO:26 does 
include a promoter region relating to FLJ131 1 gene transcription. 

(c) The Examiner also seemed to object to the fact that the claimed screening assay 
would identify potential drugs that operate upstream of the transcriptional activation at SEQ ID 
NO:26, and that the claims would encompass any downstream effect of the increased gene 
expression. That is, the claims are not limited to drugs that interact with the promoter region 
itself or the transcriptional factors described in the specification. 

However, it is not necessary to specify in the claims the precise mechanism of action of a 
test compound that might be identified, as the Examiner's remarks seem to suggest. In fact, this 
is the value of performing screening assays using cellular systems, as opposed to purely in vitro 
reconstituted systems (i.e. other relevant factors are present in cellular systems making the 
results more biologically relevant). 

The Examiner is confused about SEQ ID NO: 26 (FLJ131 1 1 promoter) and FLJ131 1 1 
(coding region). 

Example 1 1 shows a method for detection wherein FLJ131 1 1 functions as a co-factor 
when the gene expression of PPARy (a protein factor which responds to the upstream region of 
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the gene) is induced by rosiglitazone (a low molecular weight ligand). Example 12 (and Fig. 1 1) 
show a method wherein the same assay system as in Example 1 1 is carried out in the presence of 
a test compound for the purpose of screening for a substance that promotes PPARy's 
transcription inducing activity by FLJ 13111. On the other hand, Example 14 discloses a 
promoter assay system. Accordingly, it shows an assay system for screening for a substance that 
promotes the amount of expression of FLJ131 1 1, using a promoter for FLJ131 1 1 (SEQ ID NO: 
26). 

As described above, Examples 1 1 and 12 show assay systems that are quite different 
from the assay system of Example 14. The methods of Examples 1 1 and 12 do not use a 
promoter for FLJ131 1 1 (SEQ ID N0:26). That is, Example 14 is a method according to claims 
20-23. Examples 1 1 and 12 are not methods according to claims 20-23, and should not be relied 
upon as such. 

Thus, claims 20-23 do not require transcription factor (PPARy-GAL4). 

Examples of the substances that can be used as the test substance are described in the 
specification (page 55, lines 6-18). 

It had been known to one skilled in the art that |3-galactosidase, alkaline phosphatase, etc. 
in addition to CAT, LUC, GFP (cf. pages 38-39), etc, may be used as a reporter gene. 

See, for example, the following reference (submitted herewith) in which P-galactosidase 
is used as the reporter gene: 

Infection and Immunity, 1999, Vol. 67, No. 7, p. 3227-3235 

(cf. p. 3229, right column, p-galactosidase assays.). 
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Also see the following reference (submitted herewith) in which alkaline phosphatase is 
used a the reporter gene: 

Molecular and Cellular Biology, 1995, Vol. 15, No. 12, p. 6710-6719 
(cf. page 671 1, right column, lines 8-10). 

In view of the above remarks, evidence presented in the form of a Declaration under 37 
CFR § 1.132, literature evidence and new claims, the Examiner is requested, respectfully, to 
reconsider and remove this rejection. 

2. At pages 9-16, claims 17-18 were rejected under 35 U.S.C. §112, first paragraph, 
as failing to comply with the enablement requirement. 

Applicant understands the Examiner to be making the following points. 

The Examiner acknowledges that the specification is enabling for a method of screening 
thiazolidinedione derivatives, rosiglitazone, and piolitazone for alterations in PPARy/GAL4 
chimera transcription factor activity via SEQ ID NO:26. 

However, the Examiner believes that all other subject matter is not enabled on the basis 
of the following: 

(a) The claimed method includes the use of modified promoter sequences, which the 
Examiner believes are not enabled; 

(b) The claimed method includes various signaling molecules and transcription factors as 
potential drug targets or effector molecules, 
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(c) The involvement of the CENP-T protein (encoded by the FLJ131 1 1 gene) in insulin 
resistance is allegedly not supported by the prior art or the present specification, 

(d) The specification does not conclusively establish that SEQ ID NO: 26 contains the 
FLJ131 1 1 promoter, and 

(e) The specification does not establish that compounds that increase expression via the 
promoter of SEQ ID NO: 26 would ameliorate insulin resistance. 

For the following reasons, this rejection is traversed and/or overcome. 

The new claims do not recite any variants. 

Further, as explained above and in the Rule 132 declaration, SEQ ID NO: 26 has a 
promoter region which is responsible for the transcription of FLJ131 1 1. 

The new claims do not recite "a method for screening a substance that treats insulin 
resistance." Rather, the new claims recite "a method for screening for a substance that increases 
gene expression." 

As explained above, it was known when the present application was filed that genes such 
as GFP, P-galactosidase, CAT, alkaline phosphatase, etc. may be used as a reporter gene. This is 
clear from the literature. Thus, one skilled in the art reading the specification of the present 
application could readily use reporter genes other than luciferase in the assay system of the 
screening method of the claims. 

When a certain promoter region is found, it is sufficiently enabled by conducting 
screening of various compounds for a drug that controls the expression amount of the gene by 
utilizing a general promoter assay system. For example, U.S. Patent No. 5,744,310 (filed in 
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1996) and U.S. Patent No. 5,853,985 (filed in 1995) (copies of both are submitted herewith) have 
claims relating to a method for screening various compounds for a drug that controls the 
expression of a gene by using a promoter assay system similar to Example 14 of the present 
invention (i.e., the method of claims 20-23). Furthermore, in these U.S. patents, the promoter 
assay is merely described. Actual screening tests were not conducted but these cases were 
allowed. Moreover, the following reference (submitted herewith) shows screening using a 
promoter assay system similar to that of Example 14 and discloses that 35 compounds (primary 
hits) as the compound which controls the expression level of a gene could be selected among 
2000 compounds. Thus, use of the promoter assay system for the purpose of screening various 
unspecified compounds as a test substance was sufficiently enabled for one skilled in the art. 
Rapisarda A, Uranchimeg B, Scudiero DA, Selby M, Sausville EA, Shoemaker RH, 
Melillo G., Identification of small molecule inhibitors of hypoxia-inducible factor 1 
transcriptional activation pathway, Cancer Res. 2002 Aug 1 ;62(1 5):43 16-24 
(cf. Abstract, p. 4318, right column, lines 8-11, lines 15-18) 
In view of the above remarks, literature evidence and new claims, the Examiner is 
requested, respectfully, to reconsider and remove this rejection. 

C Claims Rejections - 35 U.S. C §103 

I. At pages 1 7- 1 8 of the Office Action, claims 1 7 and 1 8 were rejected under 35 
U.S.C. §103(a) as being obvious over Doebber et al. (U.S. Patent No. 5,847,008) and Shimkets 
and Leach (WO 00/58473). 
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Specifically, the Examiner contended that Doebber teaches methods of screening for 
antidiabetic compounds using a PPARy responsive reporter construct. 

The Examiner acknowledged that Doebber does not teach SEQ ID NO: 26. 

However, the Examiner contended that Shimkets and Leach teach SEQ ID NO: 26, and 
the use of this polynucleotide ("ORFX") in screening assays for testing compounds. The 
Examiner further contended that Shimkets and Leach teach that such may be important in 
diabetes. 

The Examiner reasoned that one of ordinary skill in the art would have been motivated to 
modify the assay of Doebber by using the sequences taught by Shimkets and Leach, because 
such would be expected to be useful for identifying compounds having antidiabetic properties. 
The Examiner further contended that modifying screening assays to use new and unknown 
sequences is a mere design choice. 

2. At pages 18 and 19 of the Office Action, claims 17-18 were rejected under 35 
U.S.C. § 103(a) as being obvious over Taniguchi and Mizukami (EP 1 057 896 Al or WO 
99/10532) and Shimkets and Leach. 

Specifically, with respect to claim 17, the Examiner contended that Taniguchi teaches 
methods of screening agonists or antagonists for PPAR, which may be used as treatments for 
diabetes. 

The Examiner acknowledged that Taniguchi does not teach SEQ ID NO: 26. 
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However, the Examiner contended that Shimkets and Leach teach SEQ ID NO: 26 in 
screening assays for testing compounds and teach that ORFXs may be important in various 
diseases including diabetes. 

The Examiner reasoned that one having ordinary skill in the art would have been 
motivated to use the assay of Taniguchi with new and unknown sequences, because in the 
Examiner's opinion, such would be a mere design choice. 

For the following reasons, the rejections are traversed, respectfully. 

Although the Examiner asserted that Shimkets and Leach teach use of SEQ ID NO: 26 
(e.g., CENP-T, C16orf56, FLJ43376 or FLJ131 1 1) and ORFX (e.g., SEQ ID NO: 26) in 
screening assays, Shimkets and Leach do not disclose the sequence of SEQ ID NO: 26. 

In the Examiner's search strategy and results (06-22-2006) available through PAIR, 
sequence searches for SEQ ID NO: 26 are shown and no hit is found for a sequence identical to 
SEQ ID NO: 26. 

Accordingly, even if the references were combined, the claimed screening method would 
not be obtained. 

In view of the above remarks and new claims, the examiner is requested, respectfully, to 
reconsider and remove the rejections. 

In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 
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The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 1 9-4880. Please also credit any 
overpayments to said Deposit Account. 

Respectfully submitted, 



SUGHRUE MION, PLLC 
Telephone: (202) 293-7060 
Facsimile: (202) 293-7860 

WASHINGTON OFFICE 

23373 

CUSTOMER NUMBER 



Date: December 1 , 2006 




Susan J. Mack 
Registration No. 30,951 
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Promoter Architecture of the Porphyromonas gingivalis 

Fimbrillin Gene 

HUA XIE* and RICHARD J. LAMONT 
Department of Oral Biology, University of Washington, Seattle, Washington 98195 
Received 17 November 1998/Re turned for modification 5 March 1999/Accepted 2 April 1999 

Porphyromonas gingivalis fimbriae can mediate adherence to many of the available substrates in the oral 
cavity. Expression of P. gingivalis fimbriae is regulated at the transcriptional level by environmental signals, 
such as temperature and hemin concentration. The arrangement of the upstream promoter and regulatory se- 
quences required for transcription and control of the fimbria! structural gene {fimA) was investigated. Primer 
extension analysis demonstrated that the transcriptional start site of the fimA gene is located 41 bp upstream 
from the translational start codon. A region (upf) spanning 648 bp upstream of the start codon to 44 bp 
downstream of the translational start site was cloned upstream of a promoterless lacZ reporter gene. A series 
of deletion and base substitution mutations were then generated in the upf region. The constructs were 
introduced into the chromosome of P. gingivalis, and promoter activity measured by assaying levels of p-ga- 
lactosidase. The results showed that fitnA contains sequences resembling it 70 promoter consensus sequences, 
consisting of a -10 region (TATGAC) located at -18 to -23 and a -35 region (TTGTTG) located at -41 to 
—46 from the transcriptional start point. The AT-rich upstream sequences spanning bases —48 to —85 and 
bases —90 to —240 were required for full expression of the fimA gene, indicating the existence of positive regu- 
lation regions. Moreover, the —48 to —64 region may constitute an UP element, contributing to promoter activ- 
ity in P. gingivalis. Thus, our data suggest that the P. gingivalis fimA gene has a transcription complex consisting 
of -10 and -35 sequences, an UP element, and additional AT-rich upstream regulatory sequences. 



Porphyromonas gingivalis is a primary causative agent in se- 
vere manifestations of periodontal disease, one of the most 
common bacterial infections in developed countries. Coloni- 
zation of the periodontal area by P. gingivalis is facilitated by 
adherence to a variety of oral surfaces such as epithelial cells, 
extracellular matrix components, proline-rich proteins and 
statherin in enamel salivary pellicle, and antecedent plaque 
bacteria such as Streptococcus gordonii (9, 10, 12, 16). Fimbriae, 
which are among the major adhesins of P. gingivalis, are com- 
prised of a major structural subunit protein with a molecular 
mass of approximately 43 kDa (fimbrillin, FimA). Much evi- 
dence suggesting an important role for P. gingivalis fimbrillin in 
pathogenicity has accumulated. In addition to directly mediat- 
ing adhesion, fimbrillin-mediated attachment off*, gingivalis to 
gingival epithelial cells induces cytoskeletal rearrangements 
and modulates intracellular calcium-dependent signalling 
pathways, events that result in internalization of the bacteria 
within the epithelial cells (11, 15, 37). Fimbrillin has important 
immunomodulating properties and can stimulate the produc- 
tion of proinflammatory cytokines (such as interleukin-1, in- 
terleukin-6, and tumor necrosis factor alpha) in human mono- 
cytes and polymorphonuclear leukocytes (23, 24). Intracellular 
tyrosine phosphorylation-dependent signal transduction ap- 
pears to be one of the targets of fimbrillin-induced cytokine 
production (21, 24). As a major surface protein, fimbrillin is 
strongly antigenic, and antifimbrillin immunoglobulin G titers 
are much higher in patients with adult periodontitis than in 
healthy individuals (25). The extent to which such antibodies 
contribute to protection or to antibody-mediated tissue de- 
struction remains to be determined. Fimbriae are, therefore, 
considered pivotal in the multistep pathogenesis of periodontal 
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disease. Indeed, insertional inactivation of the fimA gene, with 
concomitant loss of fimbrial production, results in a phenotype 
significantly less able to cause periodontal bone loss in the 
gnotobiotic rat model (18). Furthermore, immunization with 
purified fimbriae confers protection against periodontal de- 
struction in gnotobiotic rats (7). 

Many genes that are important for bacterial virulence are 
under tight transcriptional control and are regulated according 
to prevailing environmental conditions (6). Fimbrial genes 
from a variety of gram-negative bacteria are an illustrative 
model of how bacteria sense and respond to environmental 
cues. The fimbriae of P. gingivalis \ however, lack any significant 
homology to fimbrial proteins from other bacteria and appear 
to constitute a unique class of gram-negative fimbriae (5). 
Despite the fact that the fitnA gene was cloned more than a 
decade ago, little is known about gene expression and pro- 
moter architecture. Indeed, RNA polymerase binding sites and 
other regulatory sequences have not been functionally defined 
for any genes of this important oral anaerobe. 

We have previously reported that expression of the fimA 
gene is regulated at the transcriptional level in P. gingivalis, as 
determined by analysis of a fimA'JacZ promoter-reporter fu- 
sion (38). Changes in environmental conditions, such as tem- 
perature and hemin concentration, were found to alter the 
level of fitnA expression. Correspondingly, these small envi- 
ronmental fluctuations also modulated bacterial binding and 
invasive abilities. To further understand fimbrillin expression 
at the molecular level, we have generated a series of mutations 
in the fimA promoter region to determine specific DNA se- 
quences recognized by the transcriptional machinery. In the 
study presented here, we demonstrate the characteristics and 
organization of the P. gingivalis fimA promoter. Our findings 
indicate that the P. gingivalis fimA gene contains both a a 70 -like 
promoter sequence that carries out basal-level transcription 
and as-acting regulatory elements required for maximal tran- 
scription of the fimA gene. 
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TABLE 1. Bacterial strains and plasmids used in this study 



Strain or 
pi asm id 



Relevant characteristics" 



Source or 
reference 



Strains 

P. gingivalis 
33277 
UPF 
MPF10 
MPS10 
MPF35 
MPS35 
MP58 
MP150 
MP60 
MP59 

E. coli DH5a 



Cloning vectors 
pTZBg21.1 
pUC19 
pDN191ac 

pJRD215 
pBF4 

R751 

pCR2.1-TOPO 

Recombinant plasmids 
pUPFl 

pUPF5 
pMPFlOl 

pMPF103 
pMPSlOl 

pMPS103 
pMPF351 

pMPF353 
pMPS351 

pMPS353 

pMP1501 

pMP1504 

pMP601 

pMP603 

pMP591 

pMP593 

pMP581 

pMP583 



Type strain from ATCC 
Derivative of 33277, upfJacZ gene, Em r 
Derivative of 33277, mpflOJacZ gene, Em r 
Derivative of 33277, mpslOJacZ gene. Em r 
Derivative of 33277, mpf35:lacZ gene, Em r 
Derivative of 33277, mps35:lacZ gene, Em r 
Derivative of 33277, mp58JacZ gene, Em r 
Derivative of 33277. mplSOJacZ gene, Em r 
Derivative of 33277, mp60JacZ gene, Em r 
Derivative of 33277, mp59:IacZ gene, Em r 

endAl hsdR17 supE44 thi-1 recA gyrA96 relAl b(lacZYA-argF) U169\-$8Q dlacZ re- 
cipient for recombinant plasmids 

Containing a 2.5-kb Sac\ DNA fragment with the fimA gene, Am r 
E. coli cloning vector, Am r 

Contains 3.6-kb BambU-Sall fragment containing promoterless lacZ gene with ribosome 
binding site 

Wide-host-range cosmid vector, Km r Sm r Mob", unable to replicate in P. gingivalis 
Contains 3.8-kb EcoRl fragment in Tn4351 carrying two antibiotic resistance genes: Tc r 

expressed in E. coli and Em r expressed in P. gingivalis 
IncP plasmid used to mobilize vectors from E. coli to Bacteroides recipient, Tp r Tra"*" 
Linearized plasmid with single 3' dT residues, Km r 

P. gingivalis fimA promoter region (upf) containing sequence from -606 to +86 in plasmid 

pCR2.1-TOPO, Am r Km r 
upfJacZ gene in pJRD215 with a 3.8-kb EcoRl fragment from Tn4?57, Tc r Km r Sm r 
upfJacZ gene in pUC19 with 3-base change from TAT to CCG at positions -23 to -21 

{mpflOJacZ), Am r 

mpflOJacZ gene in pJRD215 with a 3.8-kb EcoKl fragment from Tn4351, Tc r Km r Sm r 
upfJacZ gene in pUC19 with 3-base change from TAA to GCC at positions -11 to -9 
(mpslOJacZ), Am r 

mpslOJacZ gene in pJRD215 with 3.8-kb EcoKl fragment from Tn4351, Tc r Km r Sm r 
upfJacZ gene in pUC19 with 3-base change from TTG to CCA at positions -46 to -44 
(mpf35JacZ\ Am r 

mpf35:lacZ gene in pJRD215 with 3.8-kb EcoRl fragment from Tn4351, Tc r Km r Sm r 
upfJacZ gene in pUC19 with 3-base change from TGG to CAC at positions -43 to -41 
(mps35JacZ), Am r 

mps35JacZ gene in pJRD215 with 3.8-kb EcoRl fragment from Tn4351. Tc r Km r Sm r 
upfJacZ gene in pCR2.1-TOPO with 150-bp deletion from -240 to -90 (mpl50JacZ), Am r 
mplSOJacZ, gene in pJRD215 with 3.8-kb EcoRX fragment from Tn4351, Tc r Kni r Sm r 
mplSOJacZ gene with 15-bp deletion from -85 to -71 (mp60JacZ) in pUC19, Am r 
mp60JacZ gene in pJRD215 with 3.8-kb EcoRl fragment from Tn4351, Tc r Km r Sm r 
pMP601 with 17-bp deletion from -64 to -48 (mp59JacZ) y Am r 
mp59JacZ gene in pJRD215 with 3.8-kb EcoRl fragment from Tn4351 y Tcf Km r Sm r 
upfilacZ gene in pUCJ 9 with 16-bp deletion from -23 to -8 (mp58JacZ\ Am r 
mp58JacZ gene in pJRD215 with 3.8-kb EcoRl fragment from Tn4351, Tc r Km r Sm r 
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a Km r , Sm r , Tc*, Em r , Tp r , and Am r , resistance to kanamycin, streptomycin, tetracycline, erythromycin, trimethoprim, and ampicillin; Mob^, can be mobilized; Tra + 
capable of self- transfer. 



MATERIALS AND METHODS 

Bacteria and plasmids. Bacterial strains and plasmids used in this study are 
listed in Table 1. P. gingivalis 33277 and its derivatives were grown in Trypticase 
soy broth (TSB: BBL, Cockeysville, Md.) or on 1.5% TSB agar plates/supple- 
mented with yeast extract (Difco, Detroit, Mich.) (1 mg/ml), hemin (5 
and menadione (1 jig/ml), at 37°C in an anaerobic (85% N 2 , 10% H 2 , 5% CO^) 
chamber. All P. gingivalis strains harboring fimA :lacZ constructs were grown in 
TSB containing erythromycin (20 p-g/ml). Escherichia coli DH5ot was used as the 
host strain for recombinant plasmids and grown in L broth with appropriate 
antibiotics: ampicillin (100 M-g/ml), kanamycin (50 jig/ml), trimethoprim (200 
jig/ml), and tetracycline (10 |xg/ml). 

DNA and RNA manipulations. P. gingivalis chromosomal DNA was extracted 
by the procedure described hy Sambrook et al. (31). All plasmid DNA was 
isolated by using a Promega miniprep kit and analyzed by 0.8% agarose gel 



electrophoresis. Restriction enzymes for DNA digestion were purchased from 
Gibco BRL (Grand Island, N.Y.). DNA. fragments were purified from agarose 
gels by using a Geneclean kit (Bio 101, Inc., Vista, Calif.). P. gingivalis total RNA 
was isolated by using a TRIzol kit (Gibco BRL), and DNA contamination was 
eliminated following digestion with DNa$e I (Gibco BRL). RNA was visualized 
on 1.0% ethidium bromide-stained form aldehyde-aga rose gels and quantitated 
spectrophotometrically. 

DNA sequence analysis. DNA sequencing was conducted by the dideoxy-chain 
termination procedure using Sequenase version 2 (U.S. Biochemical Corp., 
Cleveland, Ohio). For determination of the upstream sequence of the fimA gene, 
the template was plasmid pTZBg21.I containing a 2.5-kb Sad fimA DNA frag- 
ment. For confirmation of the mutations in the fimA promoter region, the upf: 
lacZ fragment was subcloned into pUC19, and the recombinant plasmid was then 
used as the template. The synthetic oligonucleotide primers used in sequencing 
are described in Table 2. 
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TABLE 2. Synthetic oligonucleotide primers 



Primer 


Sequence (5'— *3')" 


Position 


Purpose 


PE1 


GCTG GTCCTCAATACC ACG CTGATGGTGGC 


+30 to +60 


Primer extension 


PE3 


AGCATTATCTAGAACCTCCTTAGGATCCCG 


lacZ gene 


Primer extension 


FS1 


ATTGTGTTGTGCTCCG GGCTG GCCTTGCTG 


-163 to -193 


DNA sequencing 


FS2 


G ATAG CTCTTGCGCTACGG GCTAAA 


-422 to -446 


DNA sequencing 


FP1 


GGAATTCCGAGCTATCGATGGCGGGTCTCT 


-605 to -628 


Used with FP3 in PCR to 




EcoRl 




obtain UPF fragment 


FP3 


CGGGATCCCGCCAACTCCAAAAGCACGATTCGA 


+87 to +61 


Used with FP1 in PCR to 




BamHl 




obtain UPF fragment 


MPF10 


CTTGCTGCTCTTGCCCGGACAGCTTGTAAC 


-36 to -6 


Unique-site elimination 








mutagenesis 


MPS 10 


GCTATGACAGCTTGGCCCAAAGACGGCGAGGC 


-24 to +8 


Same as above 


MPF35 


caaag nrn ccca ttggg acttgctgctc 


-55 to -25 


Same as above 


MPS35 


CAAAGTTTTTCTTGC4 CGG ACTTGCTGCTC 


-55 to -25 




MP58 


GTTTTTCTTGTTGGGACTTGCTGCTCTTGCAAAGA 


-51 to +20 


Deletion from -22 to -7 




CAACGAGGCAGAACCCGTTACAG 






MP59 


GTTGTTGGGCTTGCATAATTCACCGAGATGCTTG 


-69 to -16 


Deletion from —63 to —45 




TTGG G ACTTG CTG CTCTTG CT ATG A 






MP60 


GGATGTTGTTGGGCTTGCATAATTCACCGAGATC 


-89 to -69 


Deletion from -84 to -69 




AA AAAAAC AAAGTTTTTCTTG TTG G G 






lacZ2 


GAAAGGGGGATGTGCTGCAAGGCGATTAAG 


Corresponding 
to lacZ 


Testing primer 


MPF3 


TGTTGGGACTTGCTGCTCTTGCCCG 




Testing primer for MPF10 


MPS3 


ACTTGCTGCTCTTGCTATGACAGCTTGGCC 




Testing primer for MPS10 


TMPF35 


CAAAG TTTTTCCCAT 




Testing primer for MPF35 


TMPS35 


AGTTTTTCTTG C ACG 




Testing primer for MPS35 


MP16 


CTTGCTG CTCTTG C A A 




Testing primer for MP58 


MPX5 


ATTCACCGAGATGCT 




Testing primer for MP59 


MP150 


GCTTATG G ATGTTGTTGG GCTTGCATATTCA 




Testing primer for MP150 


MP14 


TGGGCTTGCATAATTCACCG 




Testing primer for MP60 



■ Restriction sites are underlined; substituted nucleotides are italicized. 



Primer extension analysis. The transcriptional start site was investigated by 
primer extension. The avian myeloblastosis virus reverse transcriptase primer 
extension system (Promega. Madison, Wis.) was used, with modifications. Prim- 
ers PE1 and PE3 (Table 2) were 5' end labeled with [t- 32 P]ATP (3,000 jtCi/ 
mmol; NEN, Boston, Mass.) with T4 polynucleotide kinase and annealed with 
approximately 50 ng of total RNA at 58°C for 20 min. The resulting heteroduplex 
was extended with avian myeloblastosis reverse transcriptase at 42 or 50°C for 30 
min. The length of the extension was measured by poly aery lam ide gel (8%) 
electrophoresis calibrated with a sequencing reaction using the same primer. 

PCR and Southern blot analyses. PCR mixtures contained 10 pmol of tem- 
plate DNA, 30 pmol of each primer, 1.5 mM MgCl 2 , 10 mM deoxynucleoside 
triphosphate, and 5 U of Taq DNA polymerase (Bethesda Research Laborato- 
ries [BRL]). The amplification was performed in a thermal cycler (Techne) at 
94°C for 45 s, 42°C for 1 min, and 72°C for 1 min for a total 30 cycles, followed 
by 10 min of elongation at 72°C. Southern blotting was performed by using the 
PhotoGene detection system (BRL), with minor modifications. After UV cross- 
linking, the membrane was hybridized with the biot in -labeled XA-VbfimA frag- 
ment at 65 C C overnight. 

Construction of pUPF5 and derivatives carrying different mutations. Standard 
recombinant DNA techniques were used in all plasmid construction (31). The 
fimA upstream region {upf) between nucleotides —648 and +44 from the trans- 
lational initiation codon was amplified by PCR using P. gingivalis chromosomal 
DNA as the template, FP1 as the forward primer, and FP3 as the reverse primer 
(Table 2). Primers were tagged with EcoRl and BamHl restriction sites, respeci 
tively. The PCR product was cloned into pCR2.t-TOPO as instructed by the 
manufacturer (Invitrogen), creating pUPFl. To generate the upfJacZ gene fu- 
sion, the upf fragment was cloned into plasmid pDN19lac (35), which contains a 
promoterless lacZ gene. A 4.3 r kb EcoRl and BamHl upf.lacZ fragment of the 
resulting plasmid pUPF2 was cloned into the broad- host- range vector pJRD2l5 
to generate pUPF4. A 3.8-kb£coRI fragment ofTn4351 with Tc r and Em r genes 
was then cloned into pUPF4 to create pUPF5. For pUPF5 derivatives (with the 
exception of pMP1504). the upflacZ fragment from pUPF2 was cloned into 
pUC19 to generate pUPF3 and a series of site-specific mutations was generated 
(see below) prior to cloning into pJRD215. 

Site-specific mutagenesis. An 150-bp deletion mutation (MP150 [Fig. 2B}) was 
generated by exploiting unique restriction sites in pUPFl. After digestion with 
Ndel and Sspl, the linearized plasmid with an Ndel overhang was blunt ended by 
the large fragment of DNA polymerase I and religated with T4 DNA ligase. 
Site-specific small deletion and base substitution mutations were generated by 
using a unique-site elimination mutagenesis kit (Pharmacia Biotech, Piscataway, 
NJ.). The general procedure was to use a pair of primers for each mutation; one 



was to introduce the desired mutation, and the other was a selection primer 
which could change a unique Seal site to Mini in pUPF3. When both primers 
annealed to the same strand of the denatured pUPF3, a new strand was synthe- 
sized and selected by digestion of reaction mixture with Seal. The authenticity of 
the mutated sequence was verified by DNA sequencing and PCR analysis. To 
identify mutations by using PCR, specific pairs of primers for each mutation were 
designed. The forward primer corresponded to the fimA promoter sequence 
except for the last two or three nucleotides at the 3' end matching the mutated 
bases; the reverse primer was complementary to the lacZ gene. The results from 
both DNA sequencing and PCR analyses were always consistent. 

Introduction of the upfJacZ fusion and its derivatives into P. gingivalis. The 
upflacZ fusion was introduced into P. gingivalis by conjugal transfer of the 
suicide plasmid pUPF5 from E. coli, resulting in integration of the fusion con- 
struct into the chromosome by a Campbell insertion. The conjugation experi- 
ments were performed with E. coli DH5a containing plasmids pUPF5 (or de- 
rivatives) and R751 as the donor and with P. gingivalis as the recipient. Briefly, 
E. coli DH5a containing pUPF5 and R751 was cultured aerobically in L broth for 
2 to 4 h to an A&n of 0.2, and P. gingivalis was grown anaerobically in TSB 
medium for 8 h to an^lsoo of 0.3 (early logarithmic growth). The conjugation 
mixture had a donor- to-recipient ratio of 0.2 and was spotted onto a 0.45- jxm- 
pore-size HAWP filter (Millipore, Bedford, Mass.). The mating was performed 
aerobically on TSB sheep blood plates for 16 h and then anaerobically in TSB for 
8 h. Transconjugants were selected on TSB blood plates containing gentamicin 
(100 p-g/ml) and erythromycin (20 u.g/ml). Since P. gingivalis is naturally resistant 
to this concentration of gentamicin and E. coli is naturally sensitive to gentami- 
cin, colonies growing on the antibiotic plates were P. gingivalis with pUPF5 
integrated into the chromosomal DNA. 

To confirm that the P. gingivalis transconjugants possessed a chromosomal 
integration of pUPF5 immediately upstream of the fimA gene, a Southern blot 
analysis was performed. P. gingivalis chromosomal DNA was digested with 
BamHl and analyzed by Southern hybridization with a 1.4-kb fimA fragment 
(generated by PCR and labeled with biotin) as the probe. The hybridized probe 
was detected by the Photogene nucleic acid detection system (BRL). 

(i-Galactosidase assays. Expression of the lacZ gene under control of the fimA 
promoter was measured by a spectrophotometry p-galactosidase assay with 
o-nitrophenyl galactosidase as the substrate, according to the standard protocol 
of Miller (19) as described previously (38). The recombinant strains of P. gingi- 
valis were cultured anaerobically in TSB under a variety of defined conditions. 
Bacteria were recovered from late log phase (except where noted) and tested at 
an optical density at 600 nm of 0.4 to 0.6. Since P. gingivalis does not normally 
ferment lactose or other sugars, background levels of enzyme activity were low. 



3230 XIE AND LAMONT 



Infect. Immun. 




FIG. 1 . Transcriptional start site mapping of P. gingivalis firnA T using primers 
PE1 (a) and PE3 (b) Lanes: I, primer extension with P. gingivalis 33277 (a) and 
P. gingivalis UPF (b) RNAs as templates; G, T, C, and A, nucleotide-specific 
sequencing reactions. 

To ensure that any differences in p-galactosidase activity were not the result of 
a spontaneous chromosomal mutation, assays were performed on at least two 
independent isolates of each strain. 

Mobility shift DNA-binding assay. A 280-bp DNA fragment containing the 
wild-type firnA promoter (—44 to +236) was used as the probe and prepared by 
PCR. E. coii RNA polymerase (holoenzyme) saturated with cr 7 ° was purchased 
from Epicentre Technologies (Madison, Wis.). The experiments were conducted 
with a Bandshift kit (Pharmacia Biotech). Briefly, the DNA fragment was di- 
gested with EcoRl and labeled with [a- 32 P]dATP (3,000 jiCi/mmol; NEN), using 
KJenow enzyme. For the protein-DNA reaction, 1 y.g of 32 P-labeled DNA, 0.5 u-g 
of RNA polymerase, and 3 u.g of unrelated DNA (calf thymus DNA) were mixed 
and incubated at room temperature for 20 min; the mixture was then loaded onto 
a 5% nondenaturing polyacrylamide gel and elect rophoresed in 0.5 X Tris-bo- 
rate-EDTA buffer at 10 V/cm. Finally, the gel was dried and exposed to X-ray 
fiimat-70 5 C. 



RESULTS 

Determination of the transcriptional start site. The tran- 
scription initiation site of the firnA gene was investigated by 
primer extension analysis. RNA isolated from P. gingivalis 
33277 was analyzed with primer PE1, and RNA from the 
wp/:/acZ-containing strain UPF was analyzed with primer PE3 
(corresponding to sequence of the lacZ gene) (Table 2); two 
identical extension products were detected (Fig. 1). Therefore, 
the transcriptional start site was mapped to an A residue 41 bp 
upstream of the translational initiation codon. Examination of 
the upstream sequence revealed potential sequences recog- 
nized by cr 70 -dependent RNA polymerase ( — 10 sequences 
TATGAC and TAACAA; -35 sequence TTGTTG). The 
functionality of these sequences was examined by site-specific 
mutagenesis (see below). 

Development of promoter fusion reporters. We have previ- 
ously demonstrated (38) that sequences required for the pro- 
motion of transcription of the firnA gene reside within 236 
bp upstream of the translational start site. However, to fa- 
cilitate integration of mutated fimA.lacZ constructs (es- 
pecially the deletion mutations) into P. gingivalis chromo- 
somal DNA and to investigate the presence of additional 
upstream regulatory sequences, a longer upstream region 
was used in this study. As shown in Fig. 2A and 3, a 692-bp 
EcoRl and BamHl fragment was amplified by PCR, fused 
to a promoterless lacZ gene, and integrated into P. gingiva- 
lis chromosomal DNA. The firnA promoter region used in 
this study thus spanned 648 bp upstream to 44 bp down- 
stream of the translational start codon. This DNA fragment 
was designated u/?/and contained sufficient homologous se- 
quence to permit integration into the chromosome of P. gin- 
givalis. 

Construction of upfilacZ and its derivatives. The strategy for 
identification of c/s-acting regulatory elements of the firnA 
gene was to define the affect of DNA sequence alteration on 
firnA promoter activity in P. gingivalis. For this purpose, the 
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Promoter and its derivatives 

-90 -84 -46 -23 -11 +1 

UPF t^tagaaaacaa tattcacc ttttaaaacaaaiui cga^ 

MPF10 TTAGAAAACAATATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTCTTGTTGGGACTTGC^ 

MPS10 TTAGAAAACAATATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTCTTGTTGGGACTTGCTGCTCTTGCTATGACAGCTT GGCC CAAAGACAACG 

MPF35 TTAGAAAACAATATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTC CCA TTGGGACTTGCTGCTCTTGCTATGACAGCTTGTAACAAAGACAACG 

MPS35 TTAGAAAACAATATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTCTTG CAC GGACTTGCTGCTCTTGCTATGACAGCTTGTAACAAAGACAACG 

MP58 TTAGAAAACAATATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTCTTGTTGGGACTTGCTGCTCTTGC A 16 AAAGACAACG 

-240 -90 

MP150 TA — Also — ATTCACCTTTTAAAACAAAAACGAGATGAAAAAAACAAAGTTTTTCTTGTTGGGACTTGCTGCT^ 

MP60 TA — Aiso — ATTCACC A i5 G AG ATGAAAAAAACAAAGTT TTTCTTGT TGGGACTT GCTGC T CTTGCTATGACAGCT TGTAAC AAAGACAACG 

MP59 TA — Aiso — ATTCACC Ais GAGATG An CTTGTTGGGACTTGCTGCTCTTGCTATGACAGCTTGTAACAAAGACAACG 

FIG. 2. Core promoter region of the firnA gene. (A) Schematic map of the firnA promoter region fused with the lacZ reporter gene. (B) Sequences of the core 
promoter region of firnA with and without mutations. UPF represents wild-type promoter sequence; the sequences subsequently mutated are underlined and in 
boldface. The sequences of eight mutated promoters are also shown. Base substitutions are represented by underlined and bolded letters and deletion mutations are 
shown by the symbol A, with the number representing deleted base pairs. 
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FIG. 3. Homologous recombination between pUPF5 or its derivatives (pMP) and the P. gingivalis chromosome. The thicker lines represent the DNA fragment 
containing the fimA gene, fimA promoter region, lacZ gene, and erythromycin resistance gene (Ery). (A) The homologous recombination occurs upstream of the 
mutation. (B) The recombination occurs downstream of the mutation. Pmut. and Pwild, mutant and wild-type promoters, respectively. 



fimA upstream region (upf) and its eight derivatives (Fig. 2B) 
with mutations generated in upf were individually fused with a 
promoterless lacZ gene and returned to P, gingivalis. The up- 
stream region of the transcriptional start site determined by 
primer extension possesses potential —10 sequences centered 
at -S7-9 (TAACAA), -11/-12 (TTGTAA) or — 20/— 21 (TA 
TGAC) and -35 sequences centered at -33/-34 (TTGCTG) 
or -43/-44 (TTGTTG). Thus, primers MPF10 and MPS10 
were used in site-specific mutagenesis to generate two modi- 
fied fimA promoters: one with a conversion of TAT to CCG at 
positions —23 to -21, and one with a conversion of TAA to 
GCC at -11 to -9. For delimiting the -35 sequence, primers 
MPF35 and MPS35 were designed to convert TTG at -46 to 
-44 to CCA and TTG at -43 to -41 to CAC, respectively. In 
each case, the impact of the mutations on lacZ expression 
would depend on the requirement of sequence for full pro- 
moter activity. A deletion mutation was also generated with 
the removal of bases -23 to -8 (MP58). This deletion muta- 
tion would decrease fimA promoter activity only partially, if 
additional upstream promoters were present. 

We also constructed a series of upstream deletion mutations 
in order to detect any regulatory sequence(s) that contributes 
to fimA expression. The first large deletion mutation (MP150) 
entailed removal of 150 bp from -240 to -90. An AT-rich 
sequence located between -85 to -48 was also selected as a 
candidate regulatory region. Further deletions in this AT-rich 
sequence resulted in a double (MP60)- and triple (MP59)- 
deletion mutations in the upf region. 

Selection of P. gingivalis strains with fused genes. The upf: 
lacZ gene and its derivatives were introduced into P. gingivalis 
by conjugation between E. coli DH5a and P. gingivalis 33277. 
Plasmid pJRD215 carrying the upfilacZ gene (pUPF5) or its 
derivatives cannot replicate in P. gingivalis due to the lack of a 
functional origin of replication. Southern blot analysis con- 
firmed the integration of pUPF5 and its derivatives. Single 
crossover of pUPF5 could result in two genomic configurations 
(depicted in Fig. 3), depending on whether the crossover oc- 
curs proximal or distal to the mutation. If recombination oc- 
curs upstream of the mutation, the mutated fimA promoter 
would drive the lacZ gene (Fig. 3 A). In contrast, the lacZ gene 



would be under control of the intact wild-type fimA promoter, 
leaving the mutated fimA promoter with the fimA structure 
gene, if recombination occurred downstream of the mutation 
(Fig. 3B). For the purpose of this study, P. gingivalis strains 
with the promoterless lacZ gene under control of the mutated 
fimA promoter (Fig. 3A) were required. Selection for the de- 
sired isolates was accomplished by PCR with a forward primer 
corresponding to the mutated promoter and a reverse primer 
(lacZ2) corresponding to the lacZ gene. A PCR product of the 
correct size could be obtained only when the mutated fimA 
promoter was directly upstream of the lacZ gene. The PCR 
results were confirmed by Southern blot analysis for the large 
deletion mutation, as shown in Fig. 4 for P. gingivalis MP 150. 
The chromosomal DNAs from three isolates of P. gingivalis 
MP 150 were used as templates, and FP1 (forward primer) and 
laCZ2 (reverse primer) were used for PCR analysis. Agarose 
gel electrophoresis shows two sizes of PCR products (Fig. 4a). 
The size (about 800 bp) of the larger product (lanes 2 and 4) 
indicated that the lacZ gene had a wild-type fimA promoter 
region, whereas the smaller fragment (lane 3) of 650 bp re- 
sulted from a 150-bp deletion. Thus, the DNA template used in 
lane 3 was from the mutant strain, and this was used in sub- 
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FIG. 4. PCR and Southern blot analyses of P. gingivalis MP150. (A) Chro- 
mosomal DNAs from three isolates of P. gingivalis MP150 analyzed by PCR with 
forward primer FP1 and reverse primer lacZ2. Lanes: 1, DNA standard; 2 to 4, 
isolates of P. gingivalis MP150. (B) DNA samples analyzed by Southern blotting. 
DNA was digested with Ssp\ and //mdlll and probed with a 1. 4-bp fimA frag- 
ment. Lanes: 1, DNA standard; 2, UPF; 3 to 5, isolates of MP 150. 
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FIG. 5. Effects of fimA mutations in the promoter region on transcriptional 
activity. See Fig. 2 for depiction of mutations. {J-Galactosidase level is presented 
in Miller units as described in the text. Data represent the means and standard 
errors obtained from at least three independent experiments. 



sequent experiments for p-galactosidase activity. The results 
from Southern blotting also showed two different-size bands 
when the same P. gingivalis MP150 isolates were examined 
(Fig. 4b). Blotting was performed by digesting chromosomal 
DNA with Sspl and Hindlll and probing with 1.4 bp of the 
fitnA gene. Since Sspl was a unique restriction site in the fimA 
promoter that was lost during the deletion procedure (diges- 
tion and religation), the larger bands (lanes 3 and 5) indicated 
that the mutated fimA promoter was associated with the fimA 
gene. The small band (lane 4) indicated that the lacZ gene was 
associated with the mutated^m/1 promoter (/w/?150). A similar 
PCR analysis was performed for each small deletion or base 
pair substitution mutation. 

Characterization of the fimA promoter. The effects of a 
series of mutations on fimA promoter activity in P. gingivalis 
are shown in Fig. 5. A 16-bp deletion from positions -23 to 
-8, which encompasses the putative -10 sequences (MP58), 
almost completely abolished fimA promoter activity. The con- 
tribution of the individual -10 consensus sequences was de- 
termined by using strains MPF10 and.MPSlO. The replace- 
ment of TAT with CGG at positions -23 to -21 (MPF10) 
decreased the level of fimA promoter activity dramatically. 
Moreover, the enzymatic activity of LacZ remained constant 
when P. gingivalis MPF10 was tested over a 50-h period, show- 
ing that the promoter deficiency is stable and not controlled by 
growth phase. In contrast, P. gingivalis MPS10, in which the 
mutation is in the -11 to -9 region (TAA replaced with 
GCC), did not show a reduction of fimA promoter activity; 
instead, we observed a slight increase in expression, most 
marked at 34°C. Thus, the -18 to -23 (TATGAC) region 
appears to be a ct 70 functional site. 

Further evidence that the fimA gene is controlled by a a 7 °- 
dependent promoter was provided by the results obtained with 
mutations in the putative -35 region and mobility shift DNA 
binding assay. Strains MPF35 (replacement of TTG at —44 to 
-46 with CAA) and MPS35 (replacement of TTG at -41 to 
—43 with CAC) showed a significant loss of promoter activity 
(Fig. 5). Moreover, as shown in Fig. 6, RNA holoenzyme con- 
taining cr 70 was able to bind the fimA promoter (lane 2). This 
reaction showed specificity, since unrelated DNA (calf thymus 
DNA) was unable to compete with the fimA promoter region 
for enzyme binding (lane 3). These results strongly suggested 
that the fimA gene has a o* 70 - recognized promoter with a —10 
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FIG. 6. RNA polymerase (a 7 °)-/un.4 interaction. (A) DNA used in the mo- 
bility shift DNA binding assay. The region 5' of the DNA fragment was tagged 
with an EcoRl site, and + 1 corresponds to the transcriptional start site of the 
fimA gene. (B) Mobility shift DNA binding assay. Lanes: 1, fimA promoter 
fragment only; 2, fimA promoter fragment and E. coli RNA holoenzyme; 3,/wl4 
promoter, RNA holoenzyme, and calf thymus DNA. 



sequence of TATGAC centered at -20/-21, and a -35 se- 
quence of TTGTTG centered at -43/- 44, from the transcrip- 
tional start site. The spacing between these two hexamers is 17 
bp. 

fimA upstream regulatory sequences. P. gingivalis MP150, 
MP60, and MPS 9, which contained deletions upstream of the 
fimA promoter region (Fig. 2B), displayed only 66 to 40% of 
the total promoter activity displayed by the full-length fimA 
promoter (upf) (Table 3). AT-rich tracts in the region between 
-48 and —240 thus appear to be important for full expression 
of the fimA gene. These data support the concept that regula- 
tory nucleotide sequences are involved in the control of fimA 
expression. Furthermore, the AT-rich -48 to -64 area, which 
begins 2 bp distal to the -35 region, may represent an UP 
element that interacts with the a subunit of RNA polymerase 
(Fig- 7). 

Activity of the fimA promoter increases as temperature de- 
creases, being >4-fold greater at 34°C than at 39°C (Table 3). 
Upstream deletion mutants MP150, MP60, and MP59 re- 
sponded similarly to culture temperature; however, a trend 
toward proportionally greater activity at 34°C was observed. 
Whereas the ratio of activity at 34°C to that at 37°C was 2.3 for 
strain UPF, ratios for mutants MP59 and MP60 were 3.75 and 
3.9, respectively. This finding indicates that the AT-rich region 



TABLE 3. Effects of mutations upstream of the fimA 
—35 region on promoter activity. 

. Relative % Ratio'' 
P. gingivalis (3-galactosidase level" 

strain — 





34°C 


3TC 


39°C 


34°C 


37°C 


39°C 


UPF 
MP150 
MP60 
MP59 


230 
200 
180 
150 


100 
66 
46 
40 


53 
37 
37 
32 


2.3 
3 

3.9 
3.75 


1 
1 

\> 


0.5 
0.56 
0.8 
0.8 



"The 100% activity is 250 ± 60 Miller units of 0-galactosidase, which was 
obtained as P. gingivalis UPF grew at 37°C to log-phase growth. 

h Ratio of fimA promoter activity following growth at 34 or 39°C compared to 
that at 37 C C. 
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-606 

CGAGCTATCGATGGCGGGTCTCTCTATGCCACATTGCTCTCGACTATTACCCCCG 
TTGCCCGAAGCGAGCCTTACATTCCATATCGTTGGTCAAAGGATTTGAGTTGACA 
AAGCACGTGAAATTATCAAGACACACCCTCTCGTCTGAGTCTGGCGGAGGTTTAG 
CCCGTAGCGCAGAGCTATCCGGAAGGGAGCCACGAACGCTACGAAACGTGGACGA 
TAGCAGAGAAAACTTTCCCGAAAGCGATAGAGCCGACAGCTAATGCGGCCATAAT 
AGACCTTCGTGCCGGTAGGTATCGCAGGCTCTGGCTCGCCTCGAAGCAGCAAGAG 
CGAACCCAAGCTATGGATGTTGTTGGGCTTGCAT ATGCCTACAGCGAAAAATGGC 
TGAAG^CGAGAGCTATCTTACTGCGTGCGCAGCAAGGCCAGCCCGGAGCACAACA 
CAATCTGAACGAACTGCGACGCTATATGCAAGACAATCTCTAAATGGGAAAAGAT 

positive regulation positive regulation UP element 

TAGATTTTTAGAAAACAA TATTC AC T TTTAAAACAAAAA CGAGAT G AAAAAAACA 

-35 -10 
AAGTTTTT C TTGTTGG GACTTGCTGCTCTTGC TATGACA GCTTGTAACAAAGACA 

+1 RBS start codon 

ACGAGGCAGAACCCGTTACAGAAGGTAATGCCACCATCAGCGTGGTATTGAAGAC 

CAGCAATTCGAATCGTGCTTTTGGAGTTGGC 

+86 

FIG. 7. Nucleotide sequence of the fimA promoter region. The underlined and boldface sequences represent -10, -35, UP element, and transcriptional start site 
regions. The —71 to —240 region contains positive regulatory sequences. RBS, ribosome binding site. 



spanning residues —71 to —85 may be involved in temperature 
control. 

Interestingly, all of the fimA derivatives retained functional 
activity when they were expressed in E. coli. Moreover, E. coli 
RNA polymerase causes a mobility shift of the mutated con- 
structs. This observation indicates that E. coli sigma factors can 
recognize alternative sequences in the fimA upstream region. 

DISCUSSION 

The ability of many pathogenic bacteria to sense important 
environmental cues and respond by regulating gene expression 
at the transcriptional level is well established. Previous reports 
show that expression of P. gingivalis fimbrillin, an important 
virulence factor, is regulated at the transcriptional level by 
certain nutritional and environmental signals (1, 38). It was 
proposed (38) that P. gingivalis optimizes expression of fimbril- 
lin in the early stages of colonization to facilitate adherence 
and invasion and subsequently represses fimbrillin production 
to diminish the severity of the host immune response. In gen- 
eral, there are two major participants in the control of gene 
expression: /r<ms-acting elements, including RNA polymerase 
and other protein regulators: and c/s-acting elements, namely, 
specific DNA sequences involved in trans factor recognition 
and activity. The contribution of these elements to the control 
of virulence gene expression in P. gingivalis is not known. The 
putative promoter regions of many of the virulence genes of 
P. gingivalis that have been cloned and sequenced are deduced 
on the basis of DNA sequence (5, 13, 22, 29). Genes including 
those for fimbrillin (fimA), superoxide dismutase (sod), hem- 
agglutinin A (hagA), and various proteases (prtR, prtRl, prtH, 
and dppIV) possess sequences for conventional a 70 recogni- 
tion. The location of the promoter for the tpr gene was inferred 
on the basis of deletion mutational analysis (17); however, the 
RNA polymerase binding site was not resolved. Therefore, to 
date, functional definition of P. gingivalis promoters has not 
been established. 

Promoter recognition for bacterial fimbrial genes can in- 
volve a 70 recognition (for example E. coli Pap and type 1 
fimbriae [20]) or recognition by the alternative sigma factor a 54 



(for example, the type 4 fimbrial family [34]). The upstream 
region of the P. gingivalis fimA gene has three potential - 10 
and two potential —35 a 70 recognition sequences partially 
matching the E. coli consensus sequences. By utilizing a spe- 
cific mutagenesis scheme in combination with a transcriptional 
gene fusion assay in a P. gingivalis host, the functional pro- 
moter sequences were determined to be the hexamers centered 
around bases -20 and —21 (-10 region) and -43 and -44 
(—35 region), as shown in Fig. 7. Although this -10 sequence 
is further upstream from the transcriptional initiation site than 
is commonly observed, there are additional features of this 
promoter arrangement that are consistent with a 7 °-dependent 
transcriptional promotion. The transcriptional start site is an 
adenine residue that was centered in AAC, a common start 
point for a 70 promoters. Furthermore, the spacing between the 
- 10 and —35 regions, 17 bp, is optimal for E. coli a 70 promot- 
ers (8). Although the expression of the E. coli, Pap, and type 1 
fimbriae is also under the control of the cr 7 ° factor, differences 
in gene organization, regulation, and amino acid sequence 
tend to exclude P. gingivalis fimbriae from this grouping. 

Deletion and base change mutations that reduced promoter 
activity in P. gingivalis had no effect on activity in E. coli. The 
transcriptional machinery in E. coli can, therefore, apparently 
recognize alternative sequences in the AT-rich fimA upstream 
region. These results may partially explain the observations of 
Onoe et al. (26), who reported that an E. coli recombinant 
strain containing the fimA gene and upstream sequences pro- 
duced a prefimbrillin with an extremely long leader peptide (46 
amino acids). This led to the proposal that the fimA promoter 
region is further upstream than the region we have defined. 
Evidence presented in this report, however, suggests that the 
extended prefimbrillin leader sequence observed in E. coli may 
be a consequence of promiscuous recognition of P. gingivalis 
sequences by E. coli RNA polymerases. Similarly, Boyd and 
Lory (2) demonstrated that Pseudomonas aeruginosa se- 
quences are not faithfully recognized in E. coli. These findings 
emphasize the importance of performing promoter definition 
studies with the organism under investigation, rather than ex- 
trapolating from data obtained for E. coli. Such analyses have 
been problematic in studies of P. gingivalis due to the lack of 
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the requisite genetic tools; thus, the genetic systems developed 
for this study may find utility in the investigation of other P. 
gingivalis promoters and regulatory mechanisms. 

Since finiA expression is regulated in response to environ- 
mental conditions, it is likely that gene expression involves a 
regulatory DNA sequence(s). This concept is supported by the 
results of the deletion mutation analysis. Unlike promoter el- 
ements, regulatory sequences do not act without a promoter, 
nor does their loss completely abolish promoter activity (14). 
P. gingivalis MP150, bearing a large deletion from -240 to 
—90, showed a decrease in fimA promoter activity of approx- 
imately 35% at 37°C, suggesting that this 150-bp region con- 
tains a positive regulatory sequence. Such AT-rich regions are 
frequently involved in positive regulation of gene expression 
(27, 30). Additional AT-rich sequences in the -85 to -48 
region also appeared to be involved in positive regulation at 
37°C. Moreover, the -48 to —64 area may correspond to an 
UP element. This element is believed to be part of the pro- 
moter that interacts with C-termini of the a subunit of RNA 
polymerase (3). UP elements increase the strength of the over- 
all RNA polymerase binding and thus enhance transcription. 
This may be important for fimA expression, as the -10 and 
—35 regions match the consensus sequences in only four and 
three of six bases, respectively. 

Temperature fluctuation has been found to be a significant 
regulatory factor for fitnA promoter activity, with expression 
increasing as temperature declines from 39 to 34°C (38). Al- 
though the -71 to —85 area may be involved in temperature- 
dependent control, the results did not allow a precise delinea- 
tion of the elements of thermoregulation. It is possible, 
therefore, that more than one regulatory pathway is involved in 
finiA expression. For example, bacterial DNA supercoiling in- 
creases with increasing growth temperature (36). Changes in 
supercoiling can, in turn, affect the stability of binding between 
RNA polymerase and its promoter and thus modulate gene 
transcription. DNA topology-dependent control may be im- 
portant in the thermoregulation of the P. gingivalis fimA gene. 

In conclusion, transcription of the fimA gene in P. gingivalis 
is promoted by a 70 -recognized sequences, including -10, -35, 
and UP elements (Fig. 7). AT-rich upstream regulatory se- 
quences are required for full expression of fimA in P. gingivalis. 
More than one control pathway appears to be involved in 
environmental regulation of fimA expression. 
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17p-Estradiol (E2) induces cathepsin D mRNA levels and intracellular levels of immunoreactive protein in 
MCF-7 human breast cancer cells. 2^3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) alone does not affect cathepsin 
D gene expression in this cell line; however, in cells cotreated with TCDD and E2, TCDD inhibited E2-induced 
cathepsin D mRNA levels, the rate of gene transcription, and levels of immunoreactive protein. The inhibitory 
responses were observed within 30 to 120 min after the cells were treated with TCDD. TCDD also inhibited 
E2-induced secreted alkaline phosphatase activity in aryl hydrocarbon (Ah)-responsive MCF-7 and wild-type 
mouse Hepa lclc7 cells cotransfected with the human estrogen receptor (hER) and the pBC12/Sl/pac plasmid, 
which contains the 5' promoter region (— 2967+57) of the cathepsin D gene and an alkaline phosphatase 
reporter gene. The E2-responsive ER/Spl sequence (—199 to -165) in the cathepsin D 5' region contains an 
imperfect GTGCGTG (-175/- 181) xenobiotic responsive element (XRE); the role of this sequence in Ah 
responsiveness was investigated in gel electrophoretic mobility shift assays and with plasmid constructs 
containing a wild-type ER/Spl oligonucleotide or a mutant ER/Spl-"XRE" oligonucleotide containing two 
C— >A mutations in the XRE sequence (antisense strand). In plasmid constructs which contained a chloram- 
phenicol acetyl transferase reporter gene and the wild-type ER/Spl promoter sequence, E2-induced chloram- 
phenicol acetyltransferase activity and mRNA levels were inhibited by TCDD whereas no inhibition was 
observed with the mutant ER/Spl-"XR£" plasmids. Electrophoretic mobility shift assays showed that the 
nuclear or transformed cytosolic Ah receptor complex blocked formation of the ER-Spl complex with the 
wild-type but not the ER/Spl mutant oligonucleotide. Moreover, incubation of the wild-type bromodeoxyuri- 
dine-substituted ER/Spl oligonucleotide with the nuclear Ah receptor complex gave a specifically bound 
cross-linked 200-kDa band. These data demonstrate that Ah receptor-mediated inhibition of E2-induced 
cathepsin D gene expression is due to disruption of the ER-Spl complex by targeted interaction with an over- 
lapping XRE. 



The aryl hydrocarbon (Ah) receptor protein is expressed in 
laboratory animals and humans and in mammalian cells in 
culture (54, 65). Although the endogenous ligand(s) for this 
receptor has not been identified, several different classes of 
compounds reversibry bind the Ah receptor, and these include 
the polynuclear and poryhalogenated aromatic hydrocarbons 
(42, 54, 57, 59, 65, 67). 3-Methylcholanthrene and 2,3,7,8- 
tetrachlorodibenzo-/?-dioxin (TCDD) are prototypical aro- 
matic hydrocarbons which exhibit high-affinity binding (K d < 1 
nM) for the Ah receptor (44, 58) and have been utilized for 
characterizing Ah receptor-mediated responses. 

TCDD induces a broad spectrum of biochemical and toxic 
responses including a wasting syndrome, immune suppression, 
hepatotoxicity, developmental and reproductive toxicity, carci- 
nogenicity, dermal toxicity, alteration of endocrine response 
pathways, and modulation of diverse enzyme activities (26, 29, 
59, 73, 82), The induction of CYP1A1 gene expression by 
TCDD and 3-methylcholanthrene has been extensively inves- 
tigated, and the results indicate that the Ah receptor acts as a 
nuclear ligand-induced transcription factor (13, 29, 73, 82). 
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After treatment of animals or cells with TCDD, there is a rapid 
formation of a heterodimeric nuclear Ah receptor complex 
(19) which consists of the ligand-binding protein (7) and the 
Ah receptor nuclear translocator (Arnt) protein (31). The un- 
bound Ah receptor is associated with heat shock protein 90 
(48, 55; 60, 61), and the subcellular distribution of these pro- 
teins in the absence of ligand is currently being investigated 
(60, 61). The nuclear Ah receptor complex interacts with cog- 
nate genomic sequences (dioxin or xenobiotic responsive ele- 
ments [DREs and XREs, respectively]) in the 5' -promoter 
region of the CYP1A1 gene and transactivates CYP1A1 gene 
expression (15-17, 27, 34, 70, 83). There is evidence that this 
transactivation process is comparable for induction of CYP1A1 
gene expression and induction of the expression of other mem- 
bers of the Ah gene battery, namely CYP1A2, glucuronosyl 
transferase, aldehyde-3-dehydrogenase, glutathione S-trans- 
f erase Ya gene, and NAD(P)H:menadione oxidoreductase (1, 
35, 53, 56, 62, 64). Other studies also report that enhanced 
expression of other genes by TCDD is due to posttranscrip- 
tional processes (20). 

TCDD also decreases gene expression and/or the respective 
activities of the encoded proteins. Phosphoenolpyruvate car- 
boxy kinase, glucose-6-phosphatase, and tryptophan 2,3-dioxy- 
genase activities and mRNA levels are decreased in rats 
treated with an acutely toxic dose (125 u.g/kg of body weight) 
of TCDD (72). Rat uterine c-fos and epidermal growth factor 
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receptor mRNA levels are also decreased (2, 3), and decreased 
epidermal growth factor receptor mRNA levels or binding 
activity has been observed in several animal species and mam- 
malian cells (33, 36, 43). TCDD inhibits several estrogen (E2)- 
induced responses in the rodent uterus (21, 66) and mammary, 
gland including the development and formation of mammary 
tumors in female Sprague-Dawley rats and B6D2 mice (22, 32, 
38). The antiestrogenic effects of TCDD and related com- 
pounds have also been reported in Ah -responsive MCF-7 hu- 
man breast cancer cells (22-25, 30, 40). TCDD and related 
compounds inhibit E2-induced cell proliferation, progesterone 
receptor protein and mRNA levels, postconfluent focus pro- 
duction and extracellular tissue plasminogen activator activity, 
procathepsin D, and cathepsin D. This study will utilize the 
E2-regulated cathepsin D gene as a model for investigating the 
mechanism of action of TCDD as an antiestrogen. 

Cathepsin D is expressed in human mammary cancer cells 
and tumors, and levels of this protein are used as a negative 
prognostic indicator for disease-free survival for women with 
breast cancer (71, 74, 75). Treatment of MCF-7 cells with E2 
results in the induction of cathepsin D gene expression and 
increased intra- and extracellular levels of procathepsin D and 
cathepsin D (8-11, 47, 52, 76, 79-81). Cavailles et al. (10) have 
reported that cathepsin D gene transcription is initiated at five 
start sites (I to V); E2 induces transcription from start site I, 
and this response is dependent on an intact TATA sequence 
between —40 to —44. The 5 '-proximal flanking region of the 
cathepsin D gene does not contain a classical palindromic 
estrogen-responsive element (ERE); however, deletion analy- 
sis experiments show that a promoter fragment from —365 to 
— 122 was required for E2 responsiveness (4, 9, 10). More 
recent data confirmed the importance of this sequence and 
suggested that E2 regulation of this promoter sequence was 
complex and appeared to require cooperative interactions with 
other trans -acting nuclear factors such as Spl (4). An imperfect 
ERE half-site and an Spl binding site were identified in the 
cathepsin D promoter between -199 to -165 (41), and this 
site was protected in DNase I footprinting assays using E2- 
induced nuclear extracts (4). Research in this laboratory 
showed that incubation of nuclear extracts from E2-treated 
MCF-7 cells with a synthetic [ 32 P]ER/Spl oligonucleotide 
(-199 to -165) resulted in formation of an ER-Spl complex 
which could be detected by gel electrophoretic mobility shift 
assays. Subsequent studies with wild-type and mutant ER/Spl 
oligonucleotides in electrophoretic mobility shift and transient 
transfection assays showed that formation of an ER-Spl com- 
plex was required for the E2-induced response (41). The re- 
sults reported in this study demonstrate that TCDD inhibits 
E2-induced cathepsin D gene expression and chloramphenicol 
acetyltransferase (CAT) activity in MCF-7 cells transiently 
transfected with an ER/Spl-tk-CAT construct The data indi- 
cate that the inhibitory effects of TCDD are associated with 
direct interaction of the nuclear Ah receptor complex with an 
XRE strategically located between the ER and Spl response 
elements. Thus, the nuclear Ah receptor complex acts as a 
negative transcriptional factor, and the results illustrate a mo- 
lecular model for interaction between the Ah receptor- and 
ER-mediated endocrine pathways. 

MATERIALS AND METHODS 

Chemicals, biochemicals, cells, oligonucleotides, and plasmids. TCDD, 
[ 3 H]TCDD (32 Ci/mmol), and 2,3,7,8-tetrachlorodibenzofuran (TCDF) were 
synthesized in this laboratory (>98%). RPMI 1640, DME-F12 (2906), controlled 
processed serum replacement (CPSR-2), transferrin, bovine serum albumin, 
antibiotic- an tirnyco tic solution, and E2 were purchased from Sigma Chemical 
Co. (St Louis, Mo.)- Fetal calf serum was obtained from JRH Biosciences 



(Kansas City, Mo.). An ELS A cath-D radioimmunoassay (RIA) kit was pur- 
chased from CIS-US Inc. (Bedford, Mass.). a-Naphthoflavone (aNF) was pur- 
chased from the Aldrich Chemical Co. (Milwaukee, Wis.). [7- 32 PJATP (3,000 
Ci/mmol), [ 3 H]17p-estradiol (130 Ci/mmol), and [a- 32 P]UTP (800 Ci/mmol) 
were obtained from New England Nuclear (Boston, Mass.). All other chemicals 
and biochemicals were of the highest purity available from commercial sources. 

The human estrogen receptor (hER) expression plasmid was provided by 
Ming-Jer Tsai (Baylor College of Medicine, Houston, Tex). The pB12/pL/pac 
(Seap-pac) plasmid containing the cathepsin D promoter (-2967+57) fused to 
an alkaline phosphatase gene was used to study the promoter activity (63). The 
pBC12/Sl/pac (SI) plasmid containing no promoter and the pBC12/RSV/pac 
(RS V) plasmid containing a Rous sarcoma virus promoter fused to the alkaline 
phosphatase gene were used as negative and positive controls, respectively. The 
above plasmids were generous gifts from Andrej Hasilik, Munster, Germany 
(with permission from B. R. Cullen, Duke University, Durham, N.C.). A 2.6-kb 
BamlW fragment containing the entire amt cDNA was isolated from the pMB5/ 
NEOM1-1 expression vector (kindly supplied by O. Hankinson, University of 
California at Los Angeles) and religated in the pcDNAl/NEO expression vector 
(Invitrogen). The direction of the amt cDNA was confirmed by Pvull restriction 
mapping. The correct bacterial clone was amplified, and the plasmid containing 
antisense amt cDNA was purified and used in the experiment The MCF-7 cells 
were purchased from the American Type Culture Collection (Rockville, MA); 
the wild-type and class II mutant Hepa lclc7 cells were kindly provided by J. P. 
Whitlock, Jr. (Stanford University). This mutant cell line expresses the cytosolic 
Ah receptor, but TCDD does not induce formation of the nuclear Ah receptor 
complex (50). 

The ER/Spl and ER/Spl-"XRE" oligonucleotides were synthesized by DNA 
Technologies Laboratory, Texas A&M University. The complementary strands 
were annealed, and the 5' overhangs were used for cloning into the thymidine 
kinase-CAT vector (37). Ligation products were transformed into Escherichia 
coli DH5a cells, and clones obtained were verified by restriction mapping. Plas- 
mids containing cDNA probes for Northern (RNA) analysis of cathepsin D and 

tubulin mRNA levels were obtained from die American Type Culture Collec- 
tion. A cDNA for CAT mRNA was kindly provided by D. O. Peterson (Texas 
A&M University). Quantitation of radiolabeled bands after separation by elec- 
trophoretic and chromatographic assays was determined with a Betagen Betas- 
cope 603 blot analyzer. The following oligonucleotides were synthesized and 
used in this study: ER/Spl oligonucleotide (antisense strand), 5 ' -GATCCTGGG 
CGGGGCAACCTCGGGCACGCACAGCGCCCGGGCGGGGGGCGGG 
GA-3'; ER/Spl -"XRE" oligonucleotide (antisense strand), 5 ' -GATCCTGGGC 
CiC^X^CCTCGGG <^GAAC AGCCK:CCGGGCGGGGOGCGGC<}A-3 ' ; 
DRE, 5 ' - G ATCTGG CTCTTCTCACGC AACTCCG-3 ' ; DRE' (mutant), 5 -GA 
TCCCAGGCTCTTCTACATC^ACTCCGGGGC-3'; and cross-linking primer 
sequence, TCCCCGCCCCCCGCC. 

RIA for cathepsin D. The commercially available ELS A cath-D kit consisted of 
ELSA tubes coated with the anti-cathepsin-D monoclonal antibody (8, 39); 300 
u.1 of monoclonal ^I-labeled anti-cathepsin-D antibody and then 50 pi of 
sample (medium or cytosolic extract) were added to each tube. This mixture was 
then incubated at 25°C with shaking in an incubator shaker for 3 h. The tubes 
were then washed three times with 3 ml of Tween 20 solution after the contents 
in the tube were removed by aspiration. The tubes were then measured for 
bound 125 I in a Packard gamma scintillation counter. Quantitation of cathepsin 
D in the samples was based on a standard curve obtained as outlined in the 
instructions provided in the kiL 

Northern blot analysis of cathepsin D mRNA Cathepsin D mRNA levels were 
measured by using a 1.2-kb EcoRl fragment of the human cathepsin D cDNA 
P-Tubulin mRNA levels were measured by using a 1. 1-kb £coRI fragment of 
human tubulin cDNA Total RNA was isolated by the guanidinium isothio- 
cyanate-acid phenol extraction method (12). Total RNA (20 *tg) was separated 
in a 1.2% agarose- 1 M formaldehyde gel in 20 mM sodium phosphate-2 mM 
EDTA transferred onto a nylon membrane by capillary action, and bound to the 
membrane by UV cross-linking. The cDNAs were labeled with [a- 32 P]dCTP by 
using a Random Primers DNA labeling system (Bethesda Research Laborato- 
ries) and added at 1 x 10 6 to 5 x 10 6 cpm/ml of hybridization solution (5x SSPE 
[lx SSPE is 0.15 M NaCl, 10 mM NaH 2 PC»4, 1 mM EDTA pH 7.4], 1% sodium 
dodecyl sulfate [SDS], 10% dextran sulfate, 5x Denhardfs solution). Hybrid- 
izations were performed in roller bottles at 65°C for 24 h. Nonspecificalry-bound 
probe was removed by two 15-min washes at 20°C in lx SSPE, two 45-min 
washes at 65°C in 0.1 x SSPE-1% SDS, and one 20-min wash at 20°C in lx 
SSPE. Membranes were stripped of probe by boiling for 20 min in 0.01 x SSPE- 
0.5% SDS. Bands were quantitated with a Betagen Betascope 603 blot analyzer 
imaging system. Four separate experiments were carried out for each treatment 
group, and the results are expressed as means ± standard deviations (SD). 

Nuclear run-on assays. MCF-7 cells (5 x 10 7 ) were harvested, resuspended in 
5 ml of 1.5 M sucrose buffer plus 0.1% Brij 58, and homogenized with 10 to 20 
strokes in a Dounce homogenizer. The homogenate was diluted to 15 ml with 1.5 
M sucrose and centrifuged at 10,000 rpm for 20 min at 4°C. The nuclear pellet 
was resuspended in 0.5 ml of nucleus storage . buffer (20 mM HEPES (JV-2- 
hydroxyethylpiperazine-Jv*'-2-ethanesulfonic acid; pH 8.3], 75 mM NaCl, 0.5 mM 
EDTA, 0.85 mM dithiothreitol, 0.125 raM phenylmemylsulfonyl fluoride, 50% 
glycerol). The concentration of nuclei was determined by diluting an aliquot in 
0.5% (wt/vol) trypan blue and counting with a hemocytometer. Aliquots of 2 x 
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10 6 nuclei were then stored in liquid nitrogen until the transcription elongation 
assay was performed. The nuclear transcription run-on assay was performed 
essentially as described elsewhere (45). Briefly, nuclei were isolated at the ap- 
propriate times after treatment with TCDD and incubated with [a- 32 P]UTP (200 
liCi) and unlabeled ATP, CTP, and GTP (0.5 mM for each nucleotide). The 
radiolabeled RNA transcripts were isolated and hybridized to excess (10 jig) of 
denatured cDNA immobilized onto a nylon membrane by using a slot blot 
apparatus (Hoefer PR600). The membranes were exposed for 5 weeks, visualized 
by autoradiography, and quantitated by a Molecular Dynamics 3 00 A scanning 
laser densitometer. 

Preparation and transformation of cytosolic extracts. MCF-7 cells were grown 
in DME-F12 medium supplemented with 10% fetal bovine serum (2x dextran- 
coated charcoal). Cells were harvested and washed with Hanks solution. Cells 
were washed in HEDG buffer (25 mM HEPES, 1.5 mM EDTA, 1 mM dithio- 
threitol, 10% glycerol [pH 7.6]) and incubated in HED buffer (HEDG buffer 
without glycerol) for 10 min at 4°C. The cells were then centrifuged at 800 x g 
for 10 min, followed by homogenization using a Teflon pestle-drill apparatus in 
1 ml of HEDG buffer. The cell suspension was centrifuged at 1,000 x g for 10 
min at 4°C. The supernatant was subjected to ultracentrifugation at 4,000 x g for 
30 min at 4°C. Supernatant was obtained and protein content was quantitated by 
the Bradford assay (6). Cytosolic extract (1 mg of protein per ml) was incubated 
with 20 nM TCDD for 2 h at 25°C. Transformed cytosol (100 jxl) was incubated 
with nuclear extracts from MCF-7 cells and analyzed by electrophoretic mobility 
shift assays using ER/Spl and ER/Spl-"ARE" oligonucleotides. 

Electrophoretic mobility shift assays. Complementary strands of the synthetic 
ER/Spl and mutated ER/Spl -"XRE" oligonucleotides were labeled at the 5' end 
by using T4 polynucleotide kinase and [-y-^PJATP (68). Nuclear extracts (5 p.g) 
from MCF-7 and HeLa cells treated with dimethyl sulfoxide (DMSO) (<0.1%) 
and other appropriate chemicals were incubated in TEGD buffer with 1 p.g of 
poh/(dI-dC) for 15 min at 20°C to bind nonspecific DNA-binding proteins. 
Following addition of 1 nM 32 P-labeled specific oligonucleotide, the rnixture was 
incubated for 15 min at 20°C. For competition with specific unlabeled oligonu- 
cleotides, the unlabeled oligonucleotide in appropriate excess was incubated for 
5 min prior to the addition of the labeled oligonucleotide. Reaction mixtures 
were loaded onto a 5% poryacrylamide gel (acrylamide/bisacrylamide ratio, 30: 
0.8) and run at 110 V in 0.09 M Tris-0.09 M borate-2 mM EDTA pH 8.3. The 
relative intensities of the retarded complexes were quantitated by the Betagen 
Betascope 603 blot analyzer imaging system, visualized by autoradiography, and 
also quantitated with a model 300A scanning laser densitometer (Molecular 
Dynamics). 

Cloning, transient transection, CAT, and alkaline phosphatase assays. Clon- 
ing of the ER/Spl and the mutant ER/Spl-"XRE" oligonucleotides into the 
thymidine kinase-CAT vector at the BamHl and f/indlTI sites was carried out as 
previously described (37, 41). Transient transfection of the CAT plasmids and 
the Seap-pac, SI, RSV, and hER plasmids was carried out essentially as de- 
scribed elsewhere (37, 41). MCF-7 cells were cotransfected with a Polybrene 
(200-p.g/ml) solution containing 5 to 20 ng of appropriate plasmid DNA and the 
hER plasmid. After 6 h, the cells were shocked with 15% glycerol in Hanks 
solution for 75 s, washed twice with the same solution, and grown in DME-F12 
(without phenol red)-5% stripped fetal bovine serum. Cells were dosed 12 h 
after being shocked with appropriate chemicals dissolved in DMSO; control cells 
were treated with DMSO alone (<0.1%). Two days later the cells were removed 
by manual scraping, cell extracts were obtained, and 100 p.g of protein extract 
was used to determine CAT activity as previously described (28, 37). Levels of 
acetylated product were quantitated by a Betagen Betascope 603 blot analyzer 
imaging system and visualized by autoradiography. Secreted alkaline phos- 
phatase activity was determined essentially as described elsewhere (5, 63). One 
milliliter of medium was obtained at the appropriate times and incubated for 10 
min at 65°C. The medium was then centrifuged at 10,000 X g for 5 min, and 900 
mJ of the supernatant was mixed with an equal amount of Seap buffer (5). This 
mixture was then warmed in a 37°C water bath separately, along with freshly 
prepared substrate (120 mM p-nitrophenyl phosphate). The two solutions were 
mixed with constant vortexing and incubated in the 37°C water bath for 6 h. The 
product of the alkaline phosphatase reaction was quantitated with a spectropho- 
tometer at an optical density at 405 nM. The activity from each sample was 
compared with the standard curve obtained by using a serial dilution of alkaline 
phosphatase enzyme activity (5). 

Cross-Unking studies. For cross-linking studies, 10 pmol of the synthetic oli- 
gonucleotide ER/Spl was annealed to 10 pmol of a cross-linked primer se- 
quence. The annealed template was end filled with the Klenow fragment of DNA 
polymerase in the presence of 0.1 jxM dGTP, dATP, and bromodeoxyuridine 
(BrdU) and 1 u-M [ 32 P]dCTP (68) and was designated the BrdU-substituted 
DRE oligonucleotide. Nuclear extracts (10 jig) from MCF-7 cells treated with 
appropriate chemicals (i.e., E2, E2 plus TCDD, or [ 3 H]TCDD) were incubated 
with the BrdU-substituted 32 P-labeled DRE for 15 min at 20°C following a 
15-min incubation at 20°C with 400 ng of pory(dl-dC) in HEGD buffer or for 10 
min followed by a 5-min incubation at 20°C with unlabeled excess competitor. 
The incubation mixtures were irradiated by using a FOTODYNE UV transillu- 
minator at >205 nm for 30 min at 20°C. Samples were then mixed with 20 pi of 
an SDS loading buffer, heated to 95°C for 5 min, and then subjected to electro- 
phoresis on SDS-6% poryacrylamide gels. 32 P-labeled ligand-Ah receptor-DRE 
complexes were resolved by autoradiography of the dried gel. When 10 nM 



[ 3 H]TCDD (±2 u,M TCDF) was used in the experiments, the resulting gels were 
cut into eight (1.2-cm) slices and extracted with Solvable (Dupont, Boston, 
Mass.) and radioactivity was determined by liquid scintillation counting. Molec- 
ular weights of UV cross-linked nuclear and transformed ligand-Ah receptor- 
ER/Spl complexes were calculated from 14 C-methylated protein standards ob- 
tained from Amersham Corp. (Arlington Heights, I1L). 

Electrophoretic mobility shift assays using in vitro- translated proteins. Plas- 
mids containing the full-length Ah receptor and Amt cDNAs were used to in 
vitro transcribe and translate the corresponding proteins in a rabbit reticulocyte 
h/sate kit (Promega, Madison, Wis.). DNA binding assays were performed by 
assembling the appropriate in vitro- translated proteins in 20 mM HEPES-5% 
glycerol- 100 mM potassium chloride— 5 mM magnesium chloride— 0.5 mM dithio- 
threitol-1 mM ethylene diaminetetraacetic acid in a final volume of 25 y± The 
labeled oligonucleotides (30,000 cpm) were then added to the reaction mixtures 
in the presence of 1 p.g of poh/(dI-dC), and the mixtures were incubated for 15 
min at 25°C Reaction mixtures were immediately analyzed by gel electrophoretic 
mobility shift assays as described above. Gels were dried, and protein-DNA 
binding was visualized by autoradiography. 

Statistical analysis. All the experiments were carried out at least in triplicate, 
and the results were expressed as means ± SD. Statistical . significance was 
determined by analysis of variance using Scheffe's post hoc test 

RESULTS 

Effects of TCDD on E2 -induced cytosolic immunoreactive 
cathepsin D. MCF-7 cells were treated with 1 nM E2 alone for 
24 h; cotreated cells were also treated with 1 nM E2 for 24 h, 
and 1 nM TCDD was added 2, 4, 6, and 12 h prior to harvesting 
of the cells and isolation of cytosolic extracts. Extracts were 
analyzed for immunoreactive cathepsin D by using a commer- 
cially available RIA kit to detect and quantitate intracellular 
levels of cathepsin D as previously described (39). The results 
in Fig. 1 (top) illustrate that E2 alone induced cathepsin D 
levels (1.8-fold); TCDD alone also slightly increased levels of 
this protein compared with control (DMSO-treated) cells. In 
cells cotreated with 1 nM E2 for 24 h and TCDD for 2, 4, 6, or 
12 h, there was a significant decrease in immunoreactive ca- 
thepsin D at the earliest time point. 

Effects of TCDD on E2-induced cathepsin D mRNA levels 
and rate of transcription. The results in Fig. 1 summarize the 
time-dependent decrease in E2-induced cathepsin D mRNA 
levels by TCDD. Treatment of MCF-7 cells for 24 h with 10 
nM E2 resulted in a threefold increase in cathepsin D mRNA 
levels. In cells cotreated with 10 nM E2 for 24 h and 10 nM 
TCDD for 1, 2, 4, 8, or 12 h, there was significant decrease in 
cathepsin D mRNA levels at the earliest time point. TCDD 
alone caused some initial increase in cathepsin D mRNA lev- 
els. The results in Fig. 2 summarize the effects of E2 and 
TCDD plus E2 on the rate of cathepsin D gene transcription in 
nuclear run-on assays. E2 caused a 6.8-fold increase in cathep- 
sin D mRNA levels, whereas in cells cotreated with E2 plus 
TCDD a significant decrease in E2-induced mRNA levels was 
observed 30 or 60 min after addition of TCDD. A Northern 
blot of cathepsin D mRNA levels after treatment with DMSO, 
E2, or TCDD plus E2 is shown in Fig. 2C. These data dem- 
onstrate the E2 inducibility of cathepsin D gene expression as 
previously reported (11, 41, 47, 76, 80). Moreover, like ICI 
164,384, an antiestrogen which blocks formation of the ER 
homodimer (14), TCDD also inhibits E2-induced cathepsin D 
gene expression. However, the inhibitory effects of TCDD in 
the nuclear run-on assay were observed within 30 min (Fig. 2), 
whereas the effects of ICI 164,384 occurred 2 to 4 h after 
treatment (41). 

Inhibition of E2-induced cathepsin D promoter activity in 
MCF-7, wild-type, and mutant mouse Hepa lclc7 cells. The 
effects of TCDD on cathepsin D promoter activity were deter- 
mined in MCF-7 human breast cancer cells and wild-type and 
mutant mouse Hepa lclc7 cells cotransfected with the Seap- 
pac and hER plasmids and treated with E2, TCDD, or E2 plus 
TCDD (Table 1). Because of the relatively high expression of 
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FIG. 1. RIA of immunoreactive cathcpsin D (cath-D) using cytosolic cathcp- 
sin D levels (top) and cathepsin D mRNA levels (bottom) in MCF-7 cells. Levels 
of immunoreactive cathepsin D (A) were determined after treatment of cells 
with 1 nM E2 alone for 24 h and after treatment with 1 nM TCDD alone (•) for 
2, 4, 6, and 12 h. The effect of co treatment on immunoreactive cathepsin D was 
determined in cells treated with 1 nM E2 for 24 h and TCDD for 1, 2, 4, 6, and 
12 h (□). The amount of immunoreactive cathepsin D in control cells was 
determined after treatment with DMSO (vehicle control) for 24 h and was 
assigned a value of 100%. The amount of protein in femtomoles per milligram 
was determined by plotting a standard curve as indicated in the instructions for 
the RIA kit. The results are expressed as means ± SD for at least three deter- 
minations for each time point E2 significantly induced cathepsin D levels at all 
time points (P < 0.05), and TCDD significantly inhibited the E2-tnduced re- 
sponse at all time points (P < 0.05). Cathepsin D mRNA levels (B) were 
determined in cells treated with 1 nM E2 alone for 24 h and with 10 nM TCDD 
alone (•) for 1, 2, 4, 8, and 12 h. Cathepsin D mRNA levels were also deter- 
mined in MCF-7 cells cotreated with 10 nM E2 for 24 h plus 10 nM TCDD (□) 
for 1, 2, 4, 8, and 12 h. Treatment of cells with DMSO for 24 h gave control 
cathepsin D mRNA levels, which were assigned a value of 100%. Cathepsin D 
mRNA was isolated, visualized by Northern blot analysis, and quantitated by a 
Be tag en Betascope 603 blot analyzer as described in Materials and Methods. 
Cathepsin D mRNA levels were normalized relative to 0-tubulin mRNA for 
each treatment group. 



the recombinant plasmid, cotransfection of the hER expres- 
sion plasmid was required for E2 responsiveness. Cotransfec- 
tion of the hER plasmid has previously been reported with 
plasmid constructs derived from 5 '-promoter sequences of the 
cathepsin D, pS2, and progesterone receptor genes (9, 10, 41, 
69, 85). In MCF-7, wild-type, and mutant Hepa lclc7 cells 
cotransfected with the Seap-pac and hER plasmids, 10 nM E2 
induced an 8.4-, a 6.9-, and a 6.4-fold increases in secreted 



alkaline phosphatase activity, respectively. For cells cotreated 
with 10 nM E2 for 48 h plus 10 nM TCDD for different 
periods* TCDD caused a time-dependent decrease in secreted 
alkaline phosphatase activity in MCF-7 and wild-type Hepa 
lclc7 cells whereas no inhibitory effects were observed in class 
II mutant Hepa lclc7 cells. In MCF-7 cells treated with 10 nM 
TCDD alone and transfected with the Seap-pac plasmid, alka- 
line phosphatase activity was not significantly induced. Ten 
nanomolar TCDD was the optimum concentration for inhibi- 
tion of E2-induced activity in all the transient transfection 
studies, and this concentration was not cytotoxic or growth 
inhibitory. Ten nanomolar E2 was also the optimal concentra- 
tion which was used in all the transient transfection studies. 

CAT assays and CAT mRNA levels. An ER/Spl sequence in 
the cathepsin D promoter (—199 to —165) has been cloned 
into a thymidine kinase-CAT plasmid (41), and the effects of 
E2, TCDD, and E2 plus TCDD on CAT activity in MCF-7 cells 
transiently cotransfected with this plasmid and the hER plas- 
mid were determined (Fig. 3). The results show that E2 in- 
duced CAT activity (lane 2) and TCDD inhibited the E2- 
induced response (lane 3). In addition, cotreatment of MCF-7 
cells with aNF (lanes 5 and 6), an Ah receptor antagonist, or 
cotransfection with a plasmid expressing antisense Arnt (lanes 
7 through 10) resulted in reversal of the TCDD-mediated 
decrease in E2-induced CAT activity (lanes 5 and 9, respec- 
tively). TCDD inhibits E2-induced ER/Spl binding (lanes 2 
and 3), and aNF reverses this inhibitory effect (lane 5). A 
plasmid containing mutations in the XRE (ER/Spl-"ARE"-tk- 
CAT) was utilized to determine the role of this sequence in 
mediating the effects of TCDD (lanes 11 through 14). E2 
induced CAT activity in the transient transfection assay using 
the mutant ER/Spl-"^RE"-tk-CAT plasmid (lane 12), but 
TCDD did not significantly inhibit E2-induced CAT activity 
(lane 13) with this plasmid. These results show that the mutant 
ER/Spl-"A7?E"-tk-CAT plasmid retains E2 responsiveness; 
however, TCDD did not inhibit E2-induced CAT activity. 
These data indicate that an intact XRE is required for TCDD 
responsiveness. 

In parallel experiments with MCF-7 cells, the effects of 10 
nM TCDD on E2-induced CAT mRNA levels were also de- 
termined by Northern blot analysis (Table 2). The cells were 
treated with 10 nM E2 for 24 h and 10 nM TCDD for 2 h. The 
results show that in cells transiently transfected with the wild- 
type ER/Spl-tk-CAT plasmid, E2 induced CAT mRNA levels 
and TCDD inhibited the E2-induced response. E2 also in- 
duced CAT activity in cells transiently transfected with the 
mutant ER/Spl-"AKE"-tk-CAT plasmid; however, TCDD did 
not inhibit the hormone-induced response. These data also 
demonstrate that the plasmid-containing mutants with muta- 
tions in the XRE are not responsive to the effects of TCDD. 

Electrophoretic mobility shift assays of nuclear extracts, 
transformed cytosol from MCF-7 cells, and in vitro- translated 
proteins using wild-type and mutant ER/Spl oligonucleotides. 
The results in Fig. 4 illustrate the pattern of retarded bands in 
electrophoretic mobility shift assays using the wild-type ER/ 
Spl and the mutant ER/Spl-".XRE" oligonucleotides in a ti- 
tration experiment using TCDD (20 nM)- or DMSO-trans- 
formed cytosol from MCF-7 cells as previously reported (51). 
Incubation of wild-type [ 32 P]ER/Spl oligonucleotide (Fig. 4) 
with nuclear extracts from MCF-7 cells treated with DMSO, 10 
nM E2, 10 nM TCDD alone, or 10 nM E2 (24 h) plus 10 nM 
TCDD for 1 h showed that relatively low levels of ER/Spl 
binding were observed in cells treated with DMSO and TCDD 
whereas E2 induced ER/Spl binding and TCDD rapidly inhib- 
ited the E2-induced response. In cells cotreated with E2, 
TCDD, and 1 u,M aNF, the effects of TCDD on formation of 
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FIG. 2. Effect of 10 nM TCDD on the rate of E2-mediated cathepsin D (CATH-D) gene expression. (A) MCF-7 cells were treated with DMSO (control), 10 nM 
E2 (24 h), 10 nM TCDD (30 min) plus 10 nM E2, or 10 nM TCDD (1 h) phis 10 nM E2. Cotreated cells were treated with E2 for 24 h, and TCDD was added 30 min 
or 1 h prior to the end of this period Cells in the various treatment groups were harvested at appropriate times, and nuclei were obtained and subjected to the nuclear 
run-on assay as described in Materials and Methods. The amount of newly transcribed mRNA was quantitated by slot blot analysis using a scanning laser densitometer. 
(B) Cathepsin D mRNA levels were normalized relative to 0-tubulin in mRNA and expressed as means ± SD for three separate determinations. Cathepsin D mRNA 
levels in the different treatment groups were compared with levels in control cells, which were assigned a value of 100%. E2 significantly induced cathepsin D gene 
transcription after treatment for 6 h; TCDD significantly inhibited the E2-induced response within 30 [TE(30)] or 60 rTE(60)] min after addition (P < 0.05). (C) RNA 
was isolated from MCF-7 cells treated with DMSO (lane 1), 10 nM E2 alone for 24 h (lane 2), or 10 nM E2 for 24 h phis 10 nM TCDD for 1 h (lane 3). The Northern 
blot was visualized by autoradiography and quantitated by a Betagen Betascope blot analyzer as described for Fig. 1. Cathepsin D mRNA levels were normalized to 
0-tubulin mRNA for each treatment group, and the relative cathepsin D mRNA levels were 100 ± 12 (lane 1), 301 = 60 (lane 2), and 158 ± 16 (lane 3). The levels 
in cells treated with 10 nM TCDD alone were 156 ± 14 (data not shown). The results are expressed as means ± SD for three separate determinations. There was a 
significant decrease (P < 0.05) in cathepsin D mRNA levels in the cotreated cells compared with those treated with E2 alone. 



the ER/Spl retarded band were reversed (data not shown). 
Coincubation of nuclear extracts from E2-induced MCF-7 cells 
with cytosol from MCF-7 cells transformed with DMSO re- 
sulted in minimal effects on ER/Spl binding, whereas coincu- 
bation with cytosol transformed with 20 nM TCDD resulted in 
a significant loss of ER/Spl binding. The same experiment was 



TABLE 1. Inhibition of E2-induced alkaline phosphatase activity 
by TCDD in MCF-7 and Hepa lclc7 cells transfected 
with the Seap-pac and hER plasmids" 

Alkaline phosphatase activity (% of control) 



Treatment (h) Wild- type Class II 

MC± " / Hepa lclc7 mutants 



DMSO (48) 


100 


± 


1 


100 




9 


100 


± 


14 


E2 (48) 


845 




89 


690 


■+■ 


30 


640 




100 


E2 (48) + TCDD (1) 


782 




87 














E2 (48) + TCDD (2) 


629 




30* 


435 




51* 


501 




70 


E2 (48) + TCDD (4) 


515 




47* 






38* 








E2 (48) + TCDD (6) 


311 


-»- 


30* 


316 




657 


■+■ 


47 


E2 (48) + TCDD (12) 


245 




28* 


268 




9* 


595 




72 


E2 (48) + TCDD (24) 

sr 


153 


± 


13* 


115 




16* 


601 


± 


99 


53 




13 


37 




3 


22 




14 


RSV* 


1,533 


± 


240 


1,250 




17 


860 


-+- 


72 



a Cells were treated with 10 nM E2 alone for 48 h, and, in the co treatment 
group, cells were treated with 10 nM E2 for 48 h and 10 nM TCDD was added 
at different time points prior to the end of the 48-h period. The cells were 
co transfected with the Seap-pac and hER plasmids, and secreted alkaline phos- 
phatase activity was determined as described in Materials and Methods. Treat- 
ment of cells with 10 nM TCDD alone for 12 h and the Seap-pac plasmid did not 
result in increased alkaline phosphatase activity compared with DMSO treat- 
ment; however, in cells transfected with the hER and Seap-pac plasmids and 
treated with 10 nM TCDD, there was a significant increase in alkaline phos- 
phatase activity in MCF-7, wild-type, and mutant Hepa lclc7 cells (data not 
shown). The Ah receptor-independent responses were not further investigated. 

* Significantly lower (P < 0.05) than the value for cells treated with E2 alone. 
c Negative control 

* Positive control 



repeated with the mutated ER/Spl-'XRE" oligonucleotide 
(Fig. 4), and the binding of nuclear extracts from E2-treated 
cells was not decreased after coincubation with DMSO- or 
TCDD-transformed cytosol; the intensities of the retarded 
ER-Spl complex were comparable after the mutant ER/Spl- 
"XRE" was incubated with nuclear extracts from MCF-7 cells 
treated with 10 nM E2 or 10 nM E2 plus 10 nM TCDD for 1 
h. These results demonstrate that the transformed or nuclear 
Ah receptor complexes blocked formation of the ER-Spl com- 
plex and this inhibitory response was dependent on an intact 
XRE sequence. 

Figure 5A illustrates the results of SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) of nuclear extracts from MCF-7 
cells cross-linked to a BrdU-ER/Spl oligonucleotide. Nuclear 
extracts from DMSO-treated cells did not form a cross-linked 
band (lane 2); incubation of nuclear extracts from cells treated 
with 10 nM TCDD plus 10 nM E2 and [ 32 P]BrdU-ER/Spl gave 
a 200-kDa cross-linked band (lane 3), and coincubation with a 
100-fold excess of unlabeled DRE (lane 4) resulted in de- 
creased formation of this band Competition with a mutated 
DRE oligonucleotide (lane 5) did not decrease the intensity of 
the cross-linked band. Only weak, specifically bound cross- 
linked bands were observed with extracts from cells treated 
with 10 nM E2 or 10 nM TCDD alone (data not shown). In 
parallel experiments, cells were treated with 10 nM E2 and 10 
nM [ 3 H]TCDD in the presence or absence of a 200-fold excess 
of unlabeled TCDF. After cross-linking and photoaffinity la- 
beling followed by SDS-PAGE, the gels were sliced, and the 
specifically-bound radioactivity ( 3 H) was localized in the 200- 
kDa cross-linked band (Fig. 5B). 

The binding of the Ah receptor complex to the ER/Spl 
oligonucleotide was further investigated with an Ah receptor 
complex formed by reconstituting the Ah receptor and Arnt 
proteins expressed in vitro by using the rabbit reticulocyte 
rysate system (Fig. 6). Direct binding of the reconstituted Ah 
receptor complex to [ 32 P]ER/Spl was not detected (data not 
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FIG. 3. Effects of TCDD, ctNF, and antisense Arnt on E2-induced ER/Spl- 
tk-CAT activity: requirement for a functional nuclear Ah receptor-Arnt complex 
and intact XRE sequence. MCF-7 cells were transiently transfected as described 
in Materials and Methods. Briefly, cells were seeded in DME-F12 media con- 
taining fetal bovine serum stripped twice, and were grown to 60% confhiency. 
ER/Spl-tk-CAT plasmids (10 p.g) along with the hER plasmid (5 p.g) or Arnt 
antisense plasmid (10 jig) were mixed in a solution containing Polybrene and 
added to the media. Cells were shocked after 12 h by using 15% glycerol in 
Hanks solution and dosed with DMSO (C), 10 nM E2, 10 nM TCDD plus 10 nM 
E2 (TE), 10 nM TCDD alone (T), 10 nM E2 phis 1 »M a-NF (aE), or 10 nM 
TCDD plus 10 nM E2 plus 1 u-M a-NF (aET). After 48 h, cells were harvested 
and assayed for CAT (Acet) activity. CAT activities relative to that for the 
control (lane 1, 100% ± 9%) were as follows: lane 2, 364 ± 29; lane 3, 102 ± 14; 
lane 4, 95 ± 12; lane 5, 372 ± 40; lane 6, 375 ± 35; lane 7, 100 ± 14; lane 8, 405 
± 28; lane 9, 325 ± 30; lane 10, 132 ± 12. Lanes 7 through 10, cells transfected 
with both the wild-type ER/Spl-tk-CAT plasmid and the antisense Arnt expres- 
sion plasmid. In a separate experiment, the mutant ER/Spl-"JER£"-tk-CAT 
plasmid was utilized as described above, and relative CAT activities in cells 
treated with DMSO (assigned a value of 100%), E2, TCDD phis E2, and TCDD 
alone were 100 ± 14, 298 ± 30, 302 ± 42, and 95 ± 14, respectively (lanes 11 
through 14). CAT activities in experiments using antisense Arnt DNA or 1 p.M 
aNF were not significantly different from control values (data not shown). Re- 
sults are expressed as means ± SD for three separate experiments. 




FIG. 4. Effect of TCDD on ER/Spl binding: role of the XRE. Nuclear 
extracts from MCF-7 cells treated with DMSO (lanes C), 10 nM E2 alone for 24 
h (lanes E), 10 nM TCDD for 1 h phis 10 nM E2 for 24 h (lanes TE1), or 10 nM 
TCDD alone for 1 h (lanes T) were isolated, incubated with the mutant [^PJER/ 
Spl-"%R£" or wild-type [ 32 P]ER/Spl oligonucleotide, and analyzed by electro- 
phoretic mobility shift assays as described in Materials and Methods. Cytosolic 
extracts were obtained from MCF-7 cells and transformed in vitro with 20 nM 
TCDD or DMSO for 2 h at 25°C as previously described (51). Cytosol (100 p.1) 
transformed with TCDD (lanes TE) or DMSO (lanes DE) was incubated with 
nuclear extracts from E2-treated cells phis [^jER/Spl or mutant pPJER/Spl 
oligonucleotide and analyzed by electrophoretic mobility shift assay. The re- 
tarded ER/Spl bands (arrow) were visualized by autoradiography and quanti- 
tated by a Molecular Dynamics 300A laser densitometer. The intensity values in 
lanes 2 through 12 relative to the control band (lane 1, 100% ± 15%) were 510 
± 42, 525 ± 30, 470 ± 22, 440 ± 35, 50 ± 7, 90 ± 9, 444 ± 42, 65 ± 17, 330 ± 
23, 95 ± 11, and 80 ± 10 (means ± SD for three separate determinations), 
respectively. The intensities of the ER-Spl complexes in lanes 6, 7, 9, 11, and 12 
were all significantly lower (P < 0.05) than that observed for complexes with 
extracts from E2-treated cells and the mutant (lane 2) or wild-type (lane 8) 
ER/Spl oligonucleotide. Previous studies have determined the binding specificity 
of the ER/Spl band (41). 



shown), but a specifically bound complex was formed after 
incubation with [ 3 ^P]DRE (lane 1). The intensity of this re- 
tarded band was not decreased after coincubation with a 100- 
fold excess of ERE (lane 3), 100- or 400-fold excess of ER/ 
Spl-"ARE" (lanes 6 and 7), or 100-fold excess of mutated 



TABLE 2. Inhibition of E2-induced CAT mRNA levels by TCDD 
in MCF-7 cells transiently cotransfected with the hER and 
ER/Spl-tk-CAT or ER7Spl-"ATC£"-tk-CAT plasmids 0 



Treatment (h) 


Relative 


% CAT mRNA 


ER/Spl-tk-CAT 


ER/Spl-"AH£;"-tk-CAT 


DMSO 
E2 (10) 
TCDD (2) 

E2 (10) + TCDD (2) 


, 100 ± 20 
278 ± 30 
120 ± 12 
95 ± 19* 


100 ± 15 
327 ± 21 
114 ± 15 
348 ±31 



" Cells were cotransfected with the hER and ER/Spl-tk-CAT or mutant ER/ 
Spl-"A7?E"-tk-CAT plasmids and treated with 10 nM E2 for 10 h and 10 nM 
TCDD for 2 h prior to the end of the 10-h incubation period as described in 
Materials and Methods. CAT mRNA levels were determined by Northern blot 
analysis (standardized relative to 3-tubulin mRNA), and the relative CAT 
mRNA levels are given as means ± SD for three separate determinations. 

* Significantly lower (P < 0.05) than the value for cells treated with E2 alone. 



DRE (data not shown). In contrast, competition with 100-fold 
excess DRE (lane 2) or 100- or 400-fold excess of ER/Spl 
(lanes 4 and 5) decreased formation of the specifically bound 
DRE-Ah receptor complex retarded band. These results with 
in vitro-expressed Ah receptor and Arnt proteins confirm the 
interaction of the Ah receptor-Arnt heterodimer with the XRE 
sequence located within tie cathepsin D ER/Spl oligonucleo- 
tide. 



DISCUSSION 

Several studies report that TCDD and related compounds 
inhibit a number of E2-induced responses (2, 3, 22-25, 30, 32, 
38, 40, 66, 84a, 85) including secretion of procathepsin D and 
cathepsin D in MCF-7 cells. Studies using wild-type Ah-re- 
sponsive and mutant Ah-nonresponsive MCF-7 cells showed 
that formation of a transcriptionally active nuclear Ah receptor 
was required for inhibition of E2-induced secretion of pro- 
cathepsin D by TCDD (51). Moreover, there was a good cor- 
relation between the structure-Ah receptor binding affinities 
for several Ah receptor agonists and their structure-dependent 
inhibition of this E2-induced secretory protein (40). This study 
further investigates the molecular mechanism of action of 
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FIG. 5. Cross-linking of the nuclear Ah receptor complex with BrdU-ER/Spl. (A) The BrdU-ER/Spl oligonucleotide was incubated with nuclear extracts from cells 
treated with DMSO (control [CTL]) (lane 2), TCDD phis E2 (TE) (lane 3), or TCDD plus E2 in the presence of 100-fold excess of unlabeled wild-type DRE (lane 
4) or mutant (Mut) DRE (lane 5). Incubation, cross-linking, and electrophoresis of the cross-linked complexes were carried out as described in Materials and Methods. 
The 200-kDa cross-linked (X-linked) Ah receptor complexes (arrow) were visualized by autoradiography and quantitated by using a Sharp SX-330 scanner and 
Scanalytics (Billerica, Mass.) ZERODscan software. Molecular weights were determined with l4 C-labeIed protein standards purchased from Amersham Corp. (lane 
1). The band intensity values in lanes 3 to 5 relative to the control (lane 2, 100% ± 37%) were 404 ± 14, 121 ±2, and 346 ± 5, respectively; the results are means 
± SD for three determinations. CATD, cathepsin D. (B) Nuclear extracts were obtained as described in Materials and Methods from MCF-7 cells treated with 10 nM 
[ 3 H]TCDD phis 10 nM E2 alone or in combination with a 200-fold excess of TCDF. Incubation, cross- linking, and electrophoresis were carried out, and the regions 
corresponding to the cross-linked complex were excised for the two treatment groups, extracted with Solvable (Dupont), and counted in a liquid scintillation counter. 
The values obtained were 15,140 dpm ([ 3 H]TCDD plus E2) and 1,442 dpm (pHJTCDD phis E2 phis TCDF). Background levels (520 dpm) were subtracted to give 
the net dpm values for the 200-kDa band. The only radioactive ( 3 H) band on the gel was associated with the photoaffinity-labeled 200-kDa cross-linked band. 



TCDD as an antiestrogen and utilizes the E2-responsive ca- 
thepsin D gene as a model. 

The results summarized in Fig. 1 and 2 demonstrate that E2 
induced intracellular immunoreactive cathepsin D levels, ca- 
thepsin D mRNA levels, and the rate of cathepsin D gene 
transcription in nuclear run-on assays. In cells cotreated with 
E2 plus TCDD, all of the induced responses were significantly 
inhibited within 0.2 to 2 h after treatment with TCDD, sug- 
gesting that TCDD induces an early gene product which affects 
cathepsin D gene transcription at some level or there is a direct 
interaction of the nuclear Ah receptor complex with protein 
and/or DNA elements involved in transactivation of this gene. 

Deletion analysis of the 5 '-flanking region of the cathepsin 
D gene identified several nonconsensus ERE sequences and an 
E2-responsive region from -252 to -124 (4). The Seap-pac 
plasmid containing the -296/+ 59 5 '-flanking sequence from 
the cathepsin D gene (63) was used to determine the effects of 
TCDD on E2-induced secreted alkaline phosphatase activity in 
cells transiently transfected with this plasmid (Table 1). In 
Ah-responsive human MCF-7 and wild-type mouse Hepa 
lclc7 cells transiently transfected with the Seap-pac and hER 
plasmids, E2 induces secreted alkaline phosphatase activity 
and TCDD inhibited the induced response within 2 h after 
treatment. In contrast, TCDD did not inhibit E2-induced al- 
kaline phosphatase activity in the class II mutant Hepa lclc7 
cell line, which expresses the Ah receptor but does not form 
transcriptionally active nuclear Ah receptor complexes (50). 
These results confirm that the antiestrogenic response requires 
a functional nuclear Ah receptor complex and genomic se- 
quences within the -296/+ 59 region are sufficient for mediat- 
ing the TCDD-induced inhibitory response. 

Results of previous studies suggest that formation of ER- 
Spl complexes regulates E2-induced transactivation of the c- 
mycy creatine kinase B, and cathepsin D genes (18, 41, 84). An 
ER-Spl complex, GGGCGGn^ACGGG, was previously iden- 
tified (-199 to -165) in the cathepsin D promoter (41), and 
further analysis of this sequence has identified an XRE, namely 
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FIG. 6. Electrophoretic mobility shift assays using in vitro- translated Ah re- 
ceptor and Arm. In vitro-translated proteins were obtained as described in 
Materials and Methods. Ah receptor (3 m-0 and Arm (3 yd) or unprogrammed 
rabbit reticulocyte lysale (UPL) (6 u-1) were incubated in the presence of 20 nM 
TCDD for 2 h at 25°C. The preincubated proteins were then subjected to gel 
electrophoretic mobility shift assay using a 32 P-labeled DRE oligonucleotide. 
The retarded band (lane 1) (arrow) was blocked with a 100-fold excess of an 
unlabeled DRE oligonucleotide (lane 2), 100-fold excess of an unlabeled ERE 
oligonucleotide (lane 3), 100- or 400-fold excess of an unlabeled ER/Spl (wild- 
type cathepsin D [WT CATD]) oligonucleotide (lanes 4 and 5), or 100- or 400- 
fold excess of an unlabeled ER/Spl-"XRE" ("XRE" CATD) oligonucleotide (lanes 
6 and 7). In the absence of ligand, a specifically bound, but less intense, retarded 
band (20 to 25% the intensity of the band in lane 1) was observed (data not shown). 
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GTGCGTG (-175/- 181), located between the genomic se- 
quences which bind the ER and Spl proteins. The potential 
role of this XRE as a critical target site for mediating the 
antiestrogenic effects of TCDD was therefore investigated by 
utilizing the wild-type ER/Spl and a mutant ER/Spl-"AR£" 
oligonucleotide in electrophoretic mobility shift assays and in 
transient transfection assays in which these oligonucleotides 
were cloned into plasmids with a thymidine kinase promoter 
and a CAT reporter gene. The results in Fig. 4 illustrate that 
nuclear extracts from MCF-7 cells treated with 10 nM E2 
formed a retarded ER-Spl complex with both wild-type ER/ 
Spl (lane 8) and mutant ER/SpWXRE" (lane 2) oligonucle- 
otides. Electrophoretic mobility shift assays of nuclear extracts 
from cells treated with 10 nM E2 (24 h) plus 10 nM TCDD for 
1 h showed that TCDD blocked formation of a retarded band 
with the wild-type ER/Spl (Fig. 4, lane 12) but not the mutant 
ETZJSpl-'XRE" (Fig. 4, lane 5) oligonucleotide. The role of the 
Ah receptor heterodimer in destabilizing formation of the ER- 
Spl complex was further investigated by incubating nuclear 
extracts from E2-treated MCF-7 cells with cytosolic extracts 
treated with DMSO or 20 nM TCDD, which transforms the 
cytosolic Ah receptor to an XRE-binding form indistinguish- 
able from the nuclear Ah receptor complex (51). The trans- 
formed cytosolic Ah receptor decreased formation of the ER- 
Spl complex (Fig. 4, lane 11), whereas formation of the ER- 
Spl complex was not affected by addition of transformed Ah 
receptor complex using the mutant ER/Spl-"A!RE" oligonu- 
cleotide (Fig. 4, lane 4). Thus, disruption of the ER-Spl com- 
plex requires (i) the intact XRE sequence located between the 
ER and Spl genomic binding sites in the cathepsin D promoter 
and (ii) the presence of transformed or nuclear Ah receptor 
complex (T and TE1 lanes, respectively, with the ER/Spl oligo- 
nucleotide; Fig. 4). 

The results of the gel electrophoretic mobility shift assays 
did not show a retarded band associated with direct binding of 
the transformed or nuclear Ah receptor complex with the wild- 
type ER/Spl oligonucleotide (Fig. 4). This may be due to 
increased protein-DNA dissociation which can result in loss of 
a retarded band in the assay system. Therefore, two additional 
experiments were performed to investigate binding of the Ah 
receptor complex to the DRE located within the ER/Spl oli- 
gonucleotide (Fig. 5 and 6). Cross-linking experiments with the 
BrdU-ER/Spl oligonucleotide showed that a specifically bound 
TCDD-induced 200-kDa cross-linked complex was formed only 
with nuclear extracts from MCF-7 cells treated with E2 plus 
TCDD (Fig. 5A, lane 3). Competition with excess unlabeled 
DRE oligonucleotide decreased formation of the cross-linked 
band (lane 4), whereas competition with mutant DRE had 
minimal effect (lane 5). In this study, only one major specifi- 
cally bound cross-linked 200-kDa band was observed, and this 
was consistent with results obtained with MCF-7 and T47D 
breast cancer cells (78). Previous studies have demonstrated 
that UV irradiation of the nuclear Ah receptor complex bound 
with [ 3 H]TCDD results in photoaffinity labeling of the Ah 
receptor (77). In parallel cross-linking experiments using the 
BrdU-ER/Spl oligonucleotide and nuclear extracts from cells 
treated with [ 3 H]TCDD plus E2, the specifically bound radio- 
activity ( 3 H) was localized in the 200-kDa band (Fig. 5B). 
Thus, formation of the cross-linked complex (Fig. 5A) was 
induced by TCDD only in cells cotreated with E2, suggesting 
that E2-induced formation of the ER-Spl complex is required 
to facilitate accessibility and interaction of the Ah receptor 
complex with the XRE site; these data are consistent with 
results showing that disruption of the retarded ER-Spl band 
(Fig. 4) by the nuclear Ah receptor complex required an intact 



XRE and occurred only in extracts from cells cotreated with 
TCDD plus E2. 

The data in Fig. 6 also confirm competitive binding of the 
reconstituted Ah receptor- Arnt heterodimer with in vitro- 
translated proteins. Unlabeled DRE (lane 2) and unlabeled 
ER/Spl (lanes 4 and 5) oligonucleotides competitively de- 
crease formation of the retarded [ 32 P]DRE-Ah receptor com- 
plex. In contrast, competition with the ER/Spl-"AKE" oligo- 
nucleotide (lanes 6 and 7), which contains mutations in the 
XRE sequence, does not decrease formation of the retarded 
band. Thus, in competitive binding studies, wild-type ER/Spl 
competitively decreased formation of the DRE-Ah receptor 
complex retarded band, confirming the competitive binding 
affinity of the ER/Spl oligonucleotide with the Ah receptor/ 
Arnt heterodimer. 

The results obtained in transient transfection studies using 
the wild-type ER/Spl-tk-CAT and mutant ER/Spl-"AK£"-tk- 
CAT plasmids (Fig. 3) complement the results of electro- 
phoretic mobility shift assays and confirm that the antiestro- 
genic activity of TCDD requires a nuclear Ah receptor 
complex and an intact XRE sequence within the ER/Spl oli- 
gonucleotide. TCDD inhibited E2-induced CAT activity and 
mRNA levels (Table 2) in MCF-7 cells transiently transfected 
with the ER/Spl-tk-CAT construct (Fig. 3, lane 3), whereas no 
inhibition of CAT activity or mRNA levels was observed with 
the mutant ER/Spl-"AKE"-tk-CAT construct (Fig. 3, lane 13) 
containing C^A mutations in the XRE (antisense strand). In 
addition, ctNF, an Ah receptor antagonist which inhibits for- 
mation of the nuclear Ah receptor complex (49) (Fig. 3, lane 5) 
and expression of antisense Arnt mRNA (Fig. 3, lane 9), 
blocked the antiestrogenic activity of TCDD. 

In summary, the results of in vitro binding and induction 
assays using wild- type and mutated 5 '-flanking ER/Spl se- 
quences indicate that the core XRE sequence located between 
the ER and Spl genomic binding sites in the cathepsin D 
promoter is required for disruption of the E2-induced ER-Spl 
complex by TCDD. These data demonstrate a unique Ah re- 
ceptor-mediated mechanism of action in which direct interac- 
tion of the nuclear Ah receptor complex with a strategically 
located XRE results in decreased transcription of an E2-in- 
duced gene. Binding to an XRE sequence may also be impor- 
tant for inhibition of E2-induced pS2 gene expression by 
TCDD (84a), and it is possible that similar mechanisms may 
play a role in cell-specific inhibition of other genes by Ah 
receptor agonists (82). The mechanisms associated with inhi- 
bition of other E2- and mitogen-induced genes by TCDD in 
breast cancer cell lines are unknown and are currently being 
investigated in this laboratory. 
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ABSTRACT 

Hypoxia-inducible factor 1 (HIF-1) is a master regulator of the tran- 
scriptional response to oxygen deprivation. HIF-1 has been implicated in 
the regulation of genes involved in angiogenesis [e.g., vascular endothelial 
growth factor (VEGF) and inducible nitric oxide synthase] and anaerobic 
metabolism (e.g., glycolytic enzymes). HIF-1 is essential for angiogenesis 
and is associated with tumor progression. In addition, overexpression of 
HIF-1 a has been demonstrated in many common human cancers. There- 
fore, HIF-1 is an attractive molecular target for development of novel 
cancer therapeutics. We have developed a cell-based high-throughput 
screen for the identification of small molecule inhibitors of the HIF-1 
pathway. We have genetically engineered U251 human glioma cells to 
stably express a recombinant vector in which the luciferase reporter gene 
is under control of three copies of a canonical hypoxia-responsive element 
(U251-HRE). U251-HRE cells consistently expressed luciferase in a 
hypoxia- and HIF-1 -dependent fashion. We now report the results of a 
pilot screen of the National Cancer Institute "Diversity Set," a collection 
of approximately 2000 compounds selected to represent the greater chem- 
ical diversity of the National Cancer Institute chemical repository. We 
found four compounds that specifically inhibited HIF-1 -dependent induc- 
tion of luciferase but not luciferase expression driven by a constitutive 
promoter. In addition, these compounds inhibited hypoxic induction of 
VEGF mRNA and protein expression in U251 cells. Interestingly, three 
compounds are closely related camptothecin analogues and topoisomerase 
(Topo)-I inhibitors. We show that concomitant with HIF-1 and VEGF 
inhibition, the activity of the Topo-I inhibitors tested is associated with 
induction of cyclooxygenase 2 mRNA expression. The luciferase-based 
high-throughput screen is a feasible tool for the identification of small 
molecule inhibitors of HIF-1 transcriptional activation. In addition, our 
results suggest that altered Topo-I function may be associated with re- 
pression of HIF-1 -dependent induction of gene expression. 

INTRODUCTION 

Hypoxia, a decrease in 0 2 levels, triggers adaptive responses in 
solid tumors that include induction, of angiogenesis and a switch to 
anaerobic metabolism (1). 

HIF-1 4 is a basic helix-loop- helix Per-Arnt-Sim transcription factor 
composed of two subunits, HlF-la and HIF-1 /3 (2). Two other ho- 
mologues of the a subunit have been cloned (HlF-2a or EPAS-1 and 
HIF-3a), but there appears to be little redundancy in the hypoxic 
response. HIF-1/3, also known as aryl hydrocarbon receptor nuclear 
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translocator, is constitutively present in normoxic cells. In contrast, 
HIF- la levels are primarily dependent on the intracellular oxygen 
concentration (3). Under nonhypoxic conditions, HIF- la protein is 
rapidly and continuously degraded by ubiquitination and proteosomal 
degradation. Degradation of HIF- la is dependent on binding with 
Von Hippel-Lindau and hydroxylation of Pro-564 via an enzymatic 
process that requires 0 2 and iron (4, 5). However, under hypoxic 
conditions, HIF- la protein accumulates and translocates to the nu- 
cleus, where it forms an active complex with HIF-1 ft and activates 
transcription of target genes by binding to the DNA consensus se- 
quence 5'-RCGTG-3\ Besides physiological hypoxia, genetic abnor- 
malities frequently detected in human cancers, including loss of 
function mutations (*>., Von Hippel-Lindau, p53, and PTEN), are 
associated with induction of HIF- 1 a activity and expression of HIF- 
1 -inducible genes including but not limited to VEGF production 
(6-9). 

HIF- la plays a critical role in embryonic development. Indeed, 
genetic deletion of the HIF-1 a subunit in mouse embryos resulted in 
developmental arrest and vascular abnormalities with embryonic 
lethality by embryon day 11 (10-12). HIF-1 is also essential for 
angiogenesis and tumor progression "in vivo, " as indicated by exper- 
iments in which tumor xenografts of HIF-1 ^-deficient hepatoma cells 
(13), HIF-1 a-deficient H-ras-transformed cell lines (14), or embry- 
onic stem cells from HIF-1 oT ! ~ mice (11) showed decreased growth 
rate and vascularization relative to wild-type cells. More importantly, 
overexpression of HIF- la protein has been demonstrated in many 
common human cancers (15) including prostate and breast cancer, in 
which HIF- la levels were associated with increased vascularity and 
tumor progression (16). Finally, disruption of HIF- la transcriptional 
activity, using a peptide that interferes with the interaction between 
HIF- la and the coactivator p300/CREB-binding protein, has shown 
therapeutic activity in xenograft models of colon carcinoma and breast 
cancer (17), providing "proof of principle" that HIF-1 is a promising 
molecular target for development of cancer therapeutics. 

We have developed a cell-based HTS to identify small molecule 
inhibitors of the HIF-1 pathway, which may have antiangiogenic and 
anticancer activities. U251 human glioma cells were genetically en- 
gineered to stably express a recombinant vector in which the lucifer- 
ase reporter gene is under control of three copies of a canonical HRE. 
We now report the results of a pilot HTS of the NCI "Diversity Set," 
a collection of approximately 2000 compounds generated to maxi- 
mally represent the three-dimensional chemical diversity in the whole 
NCI library (18). We identified four compounds that specifically 
inhibited luciferase expression driven by a HIF-1 -inducible promoter 
but not by a constitutively active promoter. In addition, these com- 
pounds also inhibited in a dose-dependent fashion hypoxic induction 
of VEGF mRNA and protein expression in U251 cells. Interestingly, 
three compounds are closely related CPT analogues and Topo-1 in- 
hibitors (NSC-609699, NSC-606985, and NSC-639174). , 

In conclusion, we have developed a molecular targeted HTS that 
coherently identifies small molecule inhibitors of HIF-1 transcrip- 
tional activity and VEGF expression. Screening of larger chemical 
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libraries may lead to the identification of active compounds that could 
find interesting applications in anticancer treatment. 

MATERIALS AND METHODS 

Cell Lines and Reagents. Wc routinely maintained U251 human glioma 
cells in RPMI 1640 (Whittacker Byproducts, Walkcrsvillc, MD) supple- 
mented with 5% heat-inactivated fetal bovine serum (Whittacker Bioproducts), 
penicillin (50 IU/ml), streptomycin (50 jig/ml) and 2 mM glutaminc (all 
purchased from lnvitrogen-Life Technologies. Inc., Carlsbad, CA). Cells were 
maintained at 37°C in a humidified incubator containing 21% 0 2 , 5% C0 2 in 
air (referred to as normoxic conditions). Hypoxia treatment was performed by 
placing cells in a modular incubator chamber (Billupus-Rothcmbcrg Inc.. Del 
Mar, CA) and then flushing with a mixture of 1% 0 2 , 5% C0 2 , and 94% 
nitrogen for 20 min. The chamber was then placed at 37°C. DFX was 
purchased from Sigma (St. Louis, MO), and ActD was purchased from 
Calbiochem (La Jolla, CA). Drugs from the NCI Training and Diversity Set 
(described elsewhere 5 ) were initially dissolved in DMSO (Sigma) and diluted 
into complete medium for assay. 

Plasmids. We generated pGL2-TK promoter plasmid by' replacing the 
SV40 promoter of pGL2 promoter (Promega) with the herpes simplex virus 
TK. promoter fragment (from —105 to +51). 

The pGL2-TK-HRE plasmid was generated by subcloning three copies of 
the HRE (5'-GTGACTACGTGCTGCCTAG-3') from the inducible nitric ox- 
ide synthase promoter into the pGL2-TK promoter vector (19). Plasmids were 
sequenced at the Molecular Technology Laboratory. Science Applications 
International Corporation-Frederick, Inc. 

pGL3 -control (Promega) contains the firefly luciferasc coding sequence 
under control of the SV40 promoter and enhancer sequences. 

Plasmid p7, containing the VEGF 5'-flanking sequence (-1005 to -1-306) 
upstream of the luciferase reporter gene, and pIlWT, encompassing the 
HIF-1 -binding site of VEGF promoter at position -985 and -939, were 
generous gifts from Dr. Gregg Semenza (20). 

Stable Transfection and Engineered Cell Lines. DNA plasmids were 
prepared using a commercially available kit (Endofree Maxi-Prep; Qiagen, 
Inc., Valencia, CA). Transfections were performed using Effectene Transfec- 
tion Reagents (Qiagen, Inc.) according to the manufacturer's instructions. 
Stably transfected cells (U251-HRE, U251-TK, U251-pGL3, U251-p7, and 
U251-pl I) were generated by cotransfection of the specific reporter plasmid 
(pGL2-TK-HRE, pGL2-TK promoter, pGL3-control, VEGF-p7, or VEGF- 
p 1 1 WT, respectively) with an expression vector carrying the neomycin resist- 
ance gene for selection in mammalian cells (ratio, 100:1). Twenty-four h after 
transfection, reagents were removed, and cells were allowed to recover for 24 h 
before the addition of selection medium containing the antibiotic G418 at 500 
/xg/ml (lnvitrogen-Life Technologies. Inc.). Stably transfected cells were 
seeded at a concentration of 1 X 10 4 cells/well in 96-well optiplates the day 
before treatment and routinely treated for 16—24 h. 

Luciferase reporter assays were performed in 96-well optiplates (Packard 
Instrument, Inc., Meriden, CT) using Bright GIo luciferase assay reagents 
(Promega, Inc., Madison, WI). 

Nuclear Extract Preparation and Immunoblotting (Western Blot). 
Cells were collected and washed twice with ice-cold Dulbecco's PBS lx 
(PBS) and pelleted by centrifugation at 1,200 rpm. The cell pellet was subse- 
quently washed once in a hypotonic buffer [10 mM Tris-HCl (pH 7.5), 1 .5 mM 
MgCU, 10 mM KC1, 2 mM DTT, 1 mM Pefabloc, 2 mM sodium vanadate, 4 
tig/ml pepstatin. 4 /xg/ml leupeptin, and 4 fig/ml aprotinin]. resuspended in the 
same butler, and incubated for 10 min on ice. The cell suspension was 
homogenized with 18-20 strokes in a glass Dounce homogenizes The nuclear 
pellet was obtained after centrifugation at 1,000 X g at 4°C for 10 min and 
resuspended in a hypertonic buffer [20 mM Tris-HCl (pH 7.5), 1.5 mM MgCK, 
0.42 m KC1, 20% glycerol 2 mM DTT. 1 mM Pefabloc, 2 mM sodium vanadate, 
4 pig/ml pepstatin, 4 /ag/ml leupeptin. and 4 jig/ml aprotinin] to obtain nuclear 
extracts. The nuclear suspension was rotated at 4°C for 30 min, and nuclear 
debris were pelleted by centrifugation at 15,000 x g for 30 min at 4°C. 

Typically, 50 i*g of protein were separated on an 8% Tris-glycinc gel 
(Invitrogcn Corp.. Carlsbad. CA) and clcctroblottcd on an Immobilon-P mcm- 
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brane (Invitrogcn Corp.). Membranes were blocked for 1 h at room tempcra- 
mrc with blocking buffer A (1 X PBS, 0.1% Twccn 20, and 4% BSA) to detect 
H IF- la and blocked with blocking buffer B (1 X PBS, 0.1% Tween 20, and 5% 
nonfat dry milk) to detect HIF-t/3 before incubation with primary antibodies (I 
h at room temperature) in dilution buffer (1 x PBS, 0. 1% Twccn 20, and 0.4% 
BSA). Monoclonal anti-HIF-lac (clone Hla67) and monoclonal anti-HIF-lj3 
(clone H I B234) antibodies were purchased from Novus Biologicals (Littleton. 
CO). HIF-lor was detected using a LlOOfo dilution of the specific antibody, 
whereas HIF-1 /3 antibody was diluted 1:1500. After washing three times in 
washing buffer (1 X PBS and 0.1% Tween 20), membranes were incubated for 
30 min at room temperature with a peroxidase-conjugated sheep antimouse 
antibody (diluted 1:20000 in dilution buffer) for both HIF-la and HIF-10 
(Amcrsham Pharmacia Biotech, Inc.. Piscataway. NJ). Membranes were then 
washed three times in washing buffer, and chemilumincscencc detection was 
performed using an enhanced chemiluminescencc kit according to the manu- 
facturer's protocol (Amersham Pharmacia Biotech, Inc.). 

Electrophoretic Mobility Shift Assay. Nuclear extracts, prepared as de- 
scribed previously, were dialyzcd against one change of dialysis buffer [25 mM 
Tris-HCl (pH 7.5), 0.2 mM EDTA, 0.1 M KC1, 20% glycerol, 1 mM DTT, 0.2 
mM Pefabloc, and 0.5 mM sodium vanadate]. The double-stranded oligonu- 
cleotide AB.2 (5 ' -GTGCTACGTGCTGCCTAG-3 ' ) encompassing the HIF-1 
binding site was labeled with [ ,2 P]dCTP using the Klcnow enzyme (lnvitro- 
gen-Life Technologies, Inc.). To perform the binding reaction, 5 p-g of nuclear 
protein were incubated on ice in binding buffer [25 mM Tris-HCl (pH 7.5), 0.2 
mM EDTA, 0.1 m KC1, 20% glycerol, and 0.4 pg of denatured calf thymus 
DNA] in the presence or absence of antibodies for HIF-lex for 30 min. Probe 
(1 X 10 4 cpm) was added, and the samples were incubated for an additional 20 
min on ice. Samples were subjected to a 5% nondenaturing polyacryl amide 
gel. and electrophoresis was performed at 180 V in 0.3 X Tris-boratc EDTA at 
4 G C. Gel was allowed to dry using HydroTcch gel drying system (Bio-Rfld 
Laboratories, Hercules, CA) before being autoradiographed using Kodak 
XAR-5 film and intensifying screens at -80°C. 

HTS Assay. U251-HRE cells were inoculated into 384 well white flat- 
bottomed plates (Costar catalogue number 3704) at 3000 cells/well with a 
Beckman Biomek 2000 Laboratory Automation Workstation in a volume of 25 
/Ltl and incubated for 24 h at 37°C. 5% C0 2 , and ambient 0 2 . Experimental 
agents at the appropriate concentrations were added in a volume of 25 /xl using 
the Biomek 2000, and after a 20-h incubation in a hypoxia chamber (Billups 
Rothenberg, MIC 101) at 37°C. 5% C0 2 , and 1% 0 2; the plates were removed 
and incubated at room temperature. 5% C0 2 . and ambient 0 2 for 1 .5 h. Forty 
/il of Bright Glo luciferase reagent (Promega catalogue number E26500) were 
added with the Biomek 2000, and after 3 min, luminescence was measured 
using a Tccan Ultra Multifunction Plate Reader in luminescence mode. Ap- 
propriate control cells were treated identically, except that they were treated at 
37°C, 5% C0 2 . and ambient 0 2 . Compound toxicity was assayed using the 
SRB assay as described previously in detail (21). 

Real-time PCR. Total RNA from U251 cells was obtained using RNA 
Mini Kit (Qiagen, Inc.). One /xg of total RNA was used to perform RT-PCR 
using RT-PCR kit (PE Biosystcms, Foster City. CA). The conditions used for 
RT-PCR were as follows: 10 min at 25°C, 30 min at 48°C, and 5 min at 95°C. 
To measure human VEGF, COX-2, GLUT-3. and aldolase expression, real- 
time PCR was performed using an ABI-Prism 7700 Sequence Detector (Ap- 
plied Biosystcms, Foster City, CA). Typically 5 ng of reverse-transcribed 
cDNA per sample were used to perform real-time PCR in triplicate samples. 
Real-time PCR cycles started with 2 min at 50°C, 10 min at 95°C, and then 40 
cycles of 15-s at 95°C and 1 min at 60°C. Primers and specific probes were 
obtained from Applied Biosystcms: The following primers and probes were 
used: human VEGF forward, 5'-TACCTCCACCATGCCAAGTG-3'; human 
VEGF reverse, 5'-ATGATTCTGCCCTCCTCCTTC-3'; probe, 5'-FAM-TC- 
CCAGGCTGCACCCATGGC-TAMRA-3'; human COX-2 forward, 5'-GA- 
ATC ATTCACC AGGC AAATTG-3 ' ; human COX-2 reverse, 5 ' -TCTGT ACT- 
GCGGGTGG AACA-3 ' ; probe, 5'-FAM-TGGCAGGGTTGCTGGTGGTA- 
GG A-TAM RA-3 ' ; human GLUT-3 forward, 5'-CGTGGCAGGACTTTT- 
GAGGAT-3'; human GLUT-3 reverse, 5'-AGCAGGCTCGATGCTGTTC- 
AT-3'; human aldolase forward, 5 '-GCGCTGTGTGCTG A A AATC AG-3 ' ; 
and human aldolase reverse, 5 '-CC AC AATAGGCACAATGCCATT-3 ' . De- 
tection of I8S rRNA, used as internal control, was preformed using premixed 
reagents from Applied Biosystems. Detection of VEGF, COX-2, and 18S 
rRNA was performed using TaqMan Universal PCR Master Mix (Applied 
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Fig. I. Results of the diversity set HTS. U251-HRE cells 
were inoculated into 384-well white flat-bottomed plates at 
3000 cells/well in a volume of 25 y\ and incubated for 24 h 
at 37°C. 5% C0 2 , and ambient 0 2 . Experimental agents 
(1 /am) were added in a volume of 25 yX. After a 20-h 
incubation in the hypoxia chamber at 37°C, 5%CO z , and 1% 
0 2 , the plates were removed and incubated at room temper- 
ature and ambient 0 2 for 1.5 h before luminescence was 
measured. Compound toxicity was assayed using the SRB 
assay. Data from the HTS are plotted as percentage induction 
of luciferase expression (relative to hypoxia alone, equal to 
100%) on the X axis and percentage toxicity (relative to 
untreated cells, equal to 100%) on the Y axis for each 
individual compound. 
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Biosy stems), whereas GLUT-3 and aldolase detection was performed using 
Sybr Green PCR Master Mix (Applied Biosystcms). 

Relative quantitation values were expressed as follows: 2 lACtr_ACt1> , where 
C is the value measured in each well, Ct is the mean of the replicate wells run 
for each sample, AO is the difference between the mean Ct values of the 
samples in the target wells and those of the endogenous control for the same 
wells (18S values), AOr-AC// represents the difference between AC/ of the 
reference sample (medium) and AO of the tested samples (treatments). Values 
are expressed as fold increases relative to the reference sample (medium). 

ELISA. Supernatants were collected from U251 cells after 24 h of incu- 
bation under the indicated conditions. Total levels of VEGF protein were 
measured at the Lymphokinc Testing Laboratory, Science Applications Inter- 
national Corporation -Frederick, Inc., NCI (Frederick, MD) using human 
VEGF DuoSet (R&D Systems, Minneapolis. MN). 

RESULTS 

Development of a HTS Targeting HIF-1 Transcriptional Activ- 
ity. To engineer human cancer cells to express the luciferase reporter 
gene under control of a HIF-1 -inducible promoter, we cotransfected 
pGL2-TK-HRE containing three copies of a canonical HRE with a 
vector containing the neomycin gene for selection in mammalian 
cells. Surprisingly, we found that hypoxic inducibility of luciferase 
expression was greatly diminished or totally abrogated in many cell 
lines upon stable transfection of pGL2-TK-HRE (MCF-7, PC-3, 
H4-60, OVCAR-3, DU145, A549, MDA-MB-435, and HCT-116) 
compared with the levels of induction observed in transient transfec- 
tion experiments (data not shown). In contrast, hypoxic induction of 
luciferase was largely preserved in U251-HRE cells. In fact, U251- 
HRE cells expressed low but detectable levels of luciferase in nor- 
moxic conditions but expressed significantly higher levels (15 ± 3.1- 
fold above normoxic control in 10 independent experiments) in cells 
cultured under hypoxic conditions. DFX also increased luciferase 
expression to levels comparable with those induced by hypoxia 
(20 ± 2.8-fold above normoxic control in 10 independent experi- 
ments; data not shown). 

To identify small molecule inhibitors of HIF-1 transcriptional ac- 
tivity, we developed a HTS using U25 1 -HRE cells. Initial character- 
ization of the assay was achieved by testing the NCI Training Set, a 
collection of approximately 200 compounds representative of the 
major mechanistic classes of standard anticancer drugs as well as a 
variety of specific inhibitors of enzymes or signaling pathways. Re- 
sults obtained from two independent experiments showed that there 
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was a very high correlation coefficient (0.938; R 2 = 0.88), suggesting 
that results of the HTS were consistent and reproducible. In addition, 
a statistical parameter developed to evaluate and validate HTS assays 
(Z-factor) was routinely assessed for quality control purposes (22). Z 
statistic calculated for the 20 plates of the Diversity Set measuring 
the "screening window" between normoxic and hypoxic cells was 
0.632 ± 0.076, indicative of a statistically significant separation. 
Based on the consistent performance of U251-HRE cells in HTS, we 
scaled up to screen a library of approximately 2000 compounds (NCI 
Diversity Set), which represents a collection of diverse chemical 
structures available at NCI. 

U251-HRE cells were cultured in normoxic or hypoxic conditions 
for 24 h in the presence or absence of drugs from the NCI Diversity 
Set at a concentration of 1 /am. Toxicity and inhibition of cell growth 
were routinely assessed in a parallel SRB assay. In a primary screen, 
35 compounds inhibited hypoxic induction of luciferase expression in 
U251-HRE cells by a factor of >50%; 26 of them had little or no 
toxicity or cell growth inhibition (<30%) in the SRB assay (Fig. 1). 
Additional experiments were then aimed at confirming the results of 
the primary screen and identifying the EC 50 (the dose at which there 
was 50% inhibition of hypoxic induction of luciferase) of the 26 
positive nontoxic compounds. 

Parallel experiments were performed to exclude compounds that 
inhibited luciferase expression in a nonspecific and/or HIF-1 -inde- 
pendent fashion. To this purpose, we developed an engineered cell 
line (U251-pGL3) in which the luciferase reporter gene is under the 
control of a coristitutively active promoter. U251-pGL3 cells ex- 
pressed high basal levels of luciferase in normoxic conditions and 
slightly lower levels in hypoxic conditions (data not shown). We 
defined the EC 50 of the 26 compounds identified in the primary screen 
using U251-HRE and U251-pGL3 cell lines and calculated a SI, 
obtained by dividing the EC 50 in U251-pGL3 by the EC 50 in U251- 
HRE, which provides an indication of relative specificity toward 
inhibition of HIF-1 -dependent transcription. As shown in Fig. 2, seven 
compounds had a SI > 10 (chosen as arbitrary threshold), indicating 
that they had minimal or no activity on the constitutive expression of 
luciferase in the U25l-pGL3 control cell line. Similar results were 
obtained using a control cell line engineered to express luciferase 
under control of the minimal TK. promoter (U251-TK; data not 
shown). 

In conclusion, 7 compounds out of approximately 2000 compounds 
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Fig. 2. Summary of the SI of 26 compounds identified in the primary HIF-1 HTS. 
U251-HRE cells were treated as described in Fig. 1 in the presence of an increasing 
concentration of the indicated compounds under normoxic or hypoxic conditions. U251- 
pGL3 cells were treated, identically, except that they were treated at 37°C, 5% C0 2 , and 
ambient 0 2 . EC 50 s were calculated for each compound, and a SI was determined by 
dividing EC 50 U251-pGL3/EC 50 U251-HRE. Compound toxicity was assayed using the 
SRB assay. 



that compose the NCI Diversity Set preferentially inhibit luciferase 
expression driven by HIF-1 -inducible promoters. 

The HI F- 1 -targeted HTS Coherently Identifies Molecules That 
Inhibit HIF-1 Transcriptional Activity and VEGF Expression. To 

test whether the compounds identified in the HTS inhibited the 
endogenous activity of HIF-1, we incubated U251 cells under nor- 
moxic or hypoxic conditions for 8 h in the presence or absence of 
drugs (0.5 jam) and measured VEGF mRNA expression by real-time 
PCR. We found that hypoxia induced up to 7-fold higher levels of 
VEGF mRNA expression in U251 cells relative to normoxic control 
(Fig. 3). Moreover, hypoxia induced up to ~ 4-fold higher levels of 
VEGF protein (2450 pg/ml) above the constitutive levels expressed 
under normoxic conditions (570 pg/ml). Four of the seven compounds 
identified in the HTS inhibited hypoxic induction of VEGF mRNA 
expression by more than 50% relative to hypoxia alone, one showed 
minimal but not statistically significant inhibition (NSC-254681). and 
two were inactive. Consistent with these results, hypoxic induction of 
VEGF protein was inhibited in a similar fashion (data not shown). 

Among the four compounds that inhibited hypoxic induction of 
VEGF mRNA expression in U251 cells, three are CPT analogues and 
Topo-I inhibitors (NSC-609699, NSC-606985, and NSC-639174) 
(23), and the remaining one is a quinocarmycin analogue, DX-52-1 
(NSC-607097; Ref. 24; Fig. 4). The chemical structure of the remain- 
ing three compounds that do not have inhibitory effects on VEGF 
expression is also shown (Fig. 4). 

In conclusion, our results suggest that the HTS coherently identifies 
molecules that interfere with HIF-1 transcriptional activity and with 
the hypoxic induction of VEGF expression. 

NSC-609699 Specifically Inhibits Hypoxic Induction of VEGF 
Expression. Of the three CPT analogues identified in the HTS, 
NSC-609699 (topotecan) is the best characterized for its activities 
both in vitro and in the clinical setting. Therefore, we decided to 
further investigate the effects of NSC-609699 on hypoxic induction of 
luciferase expression in U251-HRE cells. As shown in Fig. 5, NSC- 
609699 inhibited hypoxic induction of luciferase by 79%, 45%, and 
27% at 500, 50, and 5 nM, respectively, with an EC 50 of 71.3 nM. In 
contrast, NSC-609699 only inhibited constitutive expression of lucif- 
erase by 14% in the U251-pGL3 control cell line at the highest 
concentration used, without reaching an EC 50 . Parallel SRB analysis 
showed that NSC-609699 decreased cell viability by only 15% at the 
higher concentration used, under both normoxic and hypoxic condi- 
tions. NSC-609699 also inhibited DFX -dependent induction of lucif- 
erase expression in U251-HRE cells in a dose-dependent manner with 
an EC 50 of 181 nM (data not shown). The other two CPT analogues 
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identified in the HTS, NSC-606985 and NSC-639174, also inhibited 
hypoxic induction of luciferase expression in U251-HRE cells with an 
EC 5(> of 32.7 and 477 iim, respectively (data not shown). 

Inhibition of Topo-1 activity has been associated with modulation 
of gene expression and in particular with activation of the ubiquitous 
transcription factor NF-kB, which plays an important role in the 
regulation of proinflammatory and antiapoptotic genes. To establish 
whether NSC-609699 had a differential effect on hypoxic induction of 
gene expression under our experimental conditions, U251 cells were 
incubated under normoxic or hypoxic conditions for 8 h in the 
presence or absence of an increasing concentration of NSC-609699 
(from 1 nM to I /am), and expression of VEGF mRNA and COX-2 
mRNA was evaluated. COX-2 is a hypoxia-inducible proinflamma- 
tory gene whose expression is controlled, at least in part, by NF-kB. 
As shown above, hypoxia induced 6-fold higher levels of VEGF 
mRNA expression relative to normoxic conditions. NSC-609699 had 
no effect on accumulation of VEGF mRNA under normoxia at the 
concentrations tested. In contrast, NSC-609699 had a dramatic inhib- 
itory effect on hypoxic induction of VEGF mRNA expression, with 
45% inhibition at 10 nM and 78% inhibition at 1 jllm (Fig. 6A). 
Additional experiments also indicated that NSC-609699 inhibits hy- 
poxic induction of other HIF-1 -dependent genes in U251 cells, in- 
cluding expression of GLUT-3 and aldolase mRNA by 53% and 60%, 
respectively (data not shown). Interestingly, we found that NSC- 
609699 caused a dose-dependent induction of COX-2 mRNA expres- 
sion under normoxic conditions. In particular, NSC-609699 induced a 
2-fold accumulation of COX-2 mRNA at 1 nM and induced up to a 
21 -fold increase at 1 /xm. In addition, hypoxia induced COX-2 mRNA 
expression (6-fold above baseline), and NSC-609699 had an additive 
effect when combined with hypoxia, with an 18-fold increase above 
normoxic levels at 100 nM and up to a 25-fold increase at 1 ptM 
(Fig. 6B). 

These results demonstrate that NSC-609699 has a differential effect 
on hypoxic induction of gene expression. Under our experimental 
conditions, inhibition of Topo-I activity seems to be associated with 
down-regulation of HIF-1 -dependent transcription and activation of 
NF-KB-dependent responses. 




Fig. 3. Inhibition of hypoxic induction of VEGF mRNA expression in U251 cells. 
U251 cells (2 X 10 s cells/well) were seeded in 6-well plates and incubated for 8 h under 
normoxic or hypoxic conditions, in the presence or absence of the indicated compounds 
(0.5 /am). Total RNA was harvested and tested for VEGF mRNA expression by real-time 
PCR, as described in "Materials and Methods." Results are expressed as fold increase 
relative to VEGF mRNA levels under normoxic conditions (equal to !) in the absence of 
drugs. 18S rRNA was tested in parallel as internal control for input RNA. Results are the 
average ± SE of three independent experiments. Statistical analysis was performed using 
ANOVA (two- factor with replication) test (P < 0.05). 
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Fig. 4. Chemical structures of positive hits. A. NSC- 
609699, topotecan. B, NSC-606985, camptothecin, 
20-ester(5). C, NSC-639174, 9-glycineamido-20(S)- 
camptothecin HC1. D. NSC-607097. DX-52- 1. quino- 
carmycin analogue. £, NSC-359449, 2-(5, 1 1 -dimethyl - 
6H-2A 5 -pyridol4,3-b]carbazoi-2-yl)-MA'-diethyleth- 
anamine acetate. F, NSC-254681, 3-acetyl-3,5,12- 
trihydroxy-1 l-imino-lO-methoxy-6-oxo- 1,2,3 AM I- 
hexahydro- 1-naphthacenyl 3-amino-2.3,6-trideoxy- 
hexopyranoside. G, NSC-675865, l-(7-arninoisothi- 
azolof4,5-d]pyrimidin-3-yl>- 1 ,4-anhydropentitol. 
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Inhibition of VEGF Expression by NSC-609699 Is Transcrip- 
tional. To assess whether NSC-609699 inhibited VEGF expression at 
the transcriptional level, we genetically engineered U251 cells to 
stably express VEGF-p7 containing the luciferase reporter gene under 
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Fig. 5. NSC-609699 specifically inhibits hypoxic induction of luciferase expression in 
U251-HRE, but not in U251-pGL3. U251-HRE and U251-pGL3 cells (i X 10 4 cells/well) 
were seeded in 96- well optiplates and incubated under normoxic or hypoxic conditions in 
the presence or absence of the indicated concentration (jxM) of NSC-609699. SRB assay 
was performed on parallel plates to monitor toxicity. Cells were treated for 24 h and then 
tested for cell viability and luciferase expression. Results are expressed as percentage of 
luciferase levels (normalized to SRB data) induced under hypoxic conditions (equal to 
100%). Data are presented as the average 2: SE of six independent experiments. Statistical 
analysis was performed using ANOVA (two-factor with replication) test (P < 0.01). 
U251-HRE cells. A; U25 l-pGL3 cells. A. 



control of a 1 .0-kb fragment of the VEGF promoter or VEGF-pl 1WT, 
in which the luciferase gene is under the control of a 50-bp oligonu- 
cleotide encompassing the active HIF-1 binding site of the VEGF 
promoter. U251-p7 cells expressed higher levels of luciferase when 
cultured under hypoxic conditions (2 ± 0.29-fold above normoxic 
control in five independent experiments) or in the presence of DFX 
(2.5 ± 0.06-fold above normoxic control; data not shown). U251-pll 
cells also expressed higher levels of luciferase either under hypoxic 
conditions (3.6 ± 0.49-fold above normoxic control) or in the pres- 
ence of DFX (4.3 ± 0.29-fold; data not shown). U251-p7 and U251- 
pl 1 cells were cultured under normoxic or hypoxic conditions in the 
presence or absence of increasing concentrations of compound NSC- 
609699. As shown in Fig. 1A, NSC-609699 inhibited hypoxic induc- 
tion of luciferase expression in U251-p7 by 69.7%, 52.3%, and 26.8% 
at 500, 50, and 5 n.M, respectively, with an EC 50 of 51.2 nM. In 
addition, NSC-609699 inhibited hypoxia induction of luciferase ex- 
pression in U251-pl 1 by 71%, 50.1%, and 30.2% at 500, 50, and 5 
nM, respectively, with an EC 50 of 61 .6 nM. NSC-609699 also inhibited 
DFX-dependent induction of luciferase expression in U251-p7 and 
U251-p1 1 cells in a dose-dependent manner with an EC 50 of 199 and 
223 nM, respectively (data not shown). In contrast, experiments per- 
formed in the presence or absence of ActD (5 fxg/n\\) indicated that 
induction of COX-2 mRNA expression by NSC-609699 is due, at 
least in part, to transcriptional activation. In fact, NSC-609699 caused 
a 7- fold increase above basal levels of COX-2 mRNA expression that 
was completely abrogated by the addition of ActD (Fig. 75). 

These data are consistent with inhibition of HIF-1 transcriptional 
activity and demonstrate that NSC-609699 mediates transcriptional 
repression of VEGF mRNA expression. 
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Fig. 6. NSC-609699 differentially reguJates VEGF mRNA and COX-2 mRNA expression in U25I cells. U25 1 cells (2 X 10 5 cells/well) were seeded in 6-weil plates and incubated 
under normoxic or h>*poxic conditions for 8 h, in the presence or absence of increasing concentrations (/J.M) of NSC-609699 as indicated. Total RNA was harvested and processed 
for expression of VEGF and COX-2 mRNA by real-time PCR as described. 18S rRNA was tested in parallel to control for input RNA. Results are expressed as fold increase relative 
to levels of mRNA under normoxic conditions in the absence of drug (equal to 1). Data are presented as the average ± SE of four independent experiments. Statistical analysis was 
performed using ANOVA (two-factor with replication) test (P < 0.01). 



NSC-609699 Specifically Inhibits Hypoxic Induction of HIF-i<* 
Protein and DNA Binding Activity. To further investigate the 
mechanism by which NSC-609699 inhibited HIF- 1 -dependent tran- 
scriptional activation, U251 cells were incubated under normoxic or 
hypoxic conditions in the presence or absence of NSC-609699 (0.1 
ptM), and protein levels of HIF- la and HIF- 1/3 were measured by 
Western blot. As shown in Fig. SA, we found that U25 1 cells express 
low but detectable basal levels of HIF- la protein at 6 h and slightly 
higher levels at 24 h, which were substantially increased (up to 6-fold) 
by incubation under hypoxic conditions at both time points. NSC- 
609699 decreased the basal levels of HIF- la protein under normoxic 
conditions and caused significant inhibition of hypoxic-dependent 
accumulation of HIF- la protein by approximately 70% at 6 h and 
complete abrogation at 24 h. In contrast. HIF-l )3 was constitutively 
expressed under nonhypoxic conditions, and its levels were not 
changed by incubation under hypoxia or by addition of NSC-609699. 

In parallel experiments, we examined the effects of NSC-609699 on 
hypoxic induction of DNA binding activity to an oligonucleotide 
encompassing a canonical HIF-l binding site. Nuclear extracts from 
U251 cells cultured under normoxic conditions have a constitutive 
binding activity that appears as a doublet (Fig. SB, lanes / and 5, band 
C) and a complex of slower mobility (band 1) more appreciable at 
24 h. Hypoxia increased the appearance of the inducible complex at 6 
and 24 h (band I, Fig. SB, Lanes 3 and 7). Both binding activities were 
competed for by an excess of unlabeled specific probe, and the 
inducible complex was entirely supershifted by the addition of a 
specific anti-HIF-la antibody, but not by the addition of an isotype- 
matched irrelevant antibody (data not shown). NSC-609699 did not 
affect the constitutive binding activity but significantly decreased at 
6 h (Fig. SB, Lane 4) and completely abrogated at 24 h (Fig. SB, Lane 
8) the appearance of the hypoxia-inducible DNA binding complex. 
Direct addition of up to 1 /am NSC-609699 in the binding reaction did 
not affect the hypoxia-inducible complex (data not shown), suggesting 
that NSC-609699 does not directly interfere with the formation of 
protein-DNA complex. 

These results indicate that NSC-609699-dependent inhibition of 
HIF-l transcriptional activation is due, at least in part, to a down- 
regulation of hypoxia-dependent accumulation of HIF- la protein. 



DISCUSSION 

HIF-l is an attractive molecular target for development of novel 
cancer therapeutics. To identify small molecule inhibitors of HIF-l 
transcriptional activation, we have developed a HTS using engineered 
cell lines that express the luciferase reporter gene in a HIF- 1 -inducible 
fashion. Our results using U251-HRE cells to screen the NCI Diver- 
sity Set indicate a coherent identification of molecules that inhibit 
HIF-l activity and VEGF expression. 

HIF-l activates transcription of target genes by binding to a HRE 
that contains the HIF-l core DNA binding site 5'-RCGTG-3'. We 
have previously demonstrated that a 1 9-bp element from the inducible 
nitric oxide synthase promoter containing a canonical HIF-l binding 
site (5'-TACGTG-3') mediates hypoxic and DFX inducibility upon 
transient transfection in mammalian cells (19, 25). Previous experi- 
ments also indicated that a 3-bp mutation of the HIF- 1 binding site 
completely abrogated hypoxic and HIF-l inducibility of a reporter 
gene and DNA binding activity (19). We have exploited these char- 
acteristics of the HRE to generate engineered human cancer cell lines 
expressing the luciferase reporter gene in a HIF-l -inducible fashion. 
Most cell lines lost hypoxic inducibility upon stable transfection of the 
luciferase reporter vector, despite efforts to identify high-inducible 
clones by limiting dilution. In contrast, U251-HRE cells express high 
levels of luciferase consistently and reprbducibly upon incubation 
under hypoxic conditions. Experiments shown in this study were 
performed with "bulk" transfected U251-HRE cells, which eliminates 
concerns regarding clonal variability of expression and drug sensitiv- 
ity. Interestingly, we have tested U251-HRE cells routinely for up to 
6 months in culture, and we have observed that hypoxic inducibility 
was largely preserved, although basal levels of luciferase expression 
were variable and decreased with higher number of passages in 
culture (data not shown). 

U251 cells have a complex genetic background that may have 
profound influences on the HIF-l pathway. In particular, U251 have 
a mutation of the PTEN tumor suppressor gene (26) and consequent 
activation of the phosphatidylinositol 3'-kinase/Akt pathway, which is 
involved in cell survival and regulation of hypoxic responses (9, 27). 
Recent evidence has indicated that PTEN loss of function increases 
responsiveness to hypoxic induction of HIF-l transcriptional activity 
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Fig. 7. NSC-609699 specifically inhibits VEGF mRNA expression at the transcrip- 
tional level. A. U251-p7 and U251-pl 1 cells (1 X 10 4 cells/well) were seeded in 96-well 
optiplates and incubated under normoxic or hypoxic conditions in the presence or absence 
of the indicated concentration (/xM) of NSC-609699. SRB assay was performed on 
parallel plates to monitor toxicity. Cells were treated for 24 h and then tested for cell 
viability and luciferase expression. Results are expressed as percentage of luciferase levels 
(normalized to SRB data) induced under hypoxic conditions (equal to 100%). Data are 
presented as the average ± SH of four independent experiments. Statistical analysis was 
performed using ANOVA {two-factor with replication) test (P < 0.01). U251-p7 cells. ♦ ; 
U251-pl 1 cells, □. B, U251 cells (2 X 10 s cells/well) were seeded in 6-well plates and 
incubated under normoxic conditions for 6 h, in the presence or absence of NSC-609699 
(0. 1 /xm) and ActD (5 ftg/ml). Total RNA was harvested and processed for expression of 
COX- 2 mRNA by real-time PCR as described. 18S rRNA was tested in parallel to control 
for input RNA. Results are expressed as fold increase relative to levels of mRNA present 
under normoxic conditions in the absence of drugs (equal to I ). Data presented are 
representative of three independent experiment performed. 



with consequent increased expression of genes involved in angiogen- 
esis and survival (7). We found that U25 1 cells do express low basal 
levels of HIF-la protein and DNA binding activity under normoxic 
conditions. However, U251 cells are very responsive to hypoxic 
stimulation with induction of HIF-la protein, DNA binding activity, 
and luciferase reporter gene expression. Whether the particular ge- 
netic make-up makes U251-HRE cells such a suitable model for 
investigating HJF-1 transcriptional activation remains to be fully 
determined. The wide window of hypoxic inducibility makes U251- 
HRE a unique model for drug development applications targeting 
HIF-1 transcriptional activity. Conversely, these unique features of 
U25 1 -HRE cells raise the possibility that our screening assay is biased 
toward identification of agents that act specifically in glioma cells. 
However, PTEN mutations are common in human cancers, and iden- 
tification of compounds that act specifically in tumor cells harboring 
genetic abnormalities would enhance the therapeutic window of 
HIF-1 inhibitors for clinical development. 

The NCI Diversity Set is a collection of approximately 2000 
compounds representative of chemical diversity from the larger De- 



velopmental Therapeutics Program repository and contains alkylating 
agents, antimitotic agents, RNA and DNA antimetabolites, Topo-I and 
Topo-II inhibitors, and DNA-binding and -interacting agents. Because 
inhibition of transcription is the end point of the HIF-1 -targeted HTS, 
we were particularly concerned of a potential bias of our screen 
toward preferential identification of compounds that interact with 
DNA. To minimize this possibility, we have developed control cell 
lines that express luciferase in a constitutive, HIF-1 -independent 
fashion. In addition, we have selected compounds of interest based on 
lack of toxicity (as assessed by SRB assay) and high SI (relative ratio 
of specificity toward inhibition of HIF-1 -dependent transcription). 
Although the compounds identified in the primary screen are known 
to be DNA-interacting agents when used at high concentrations (28- 
31), the NCI Diversity Set contains many other DNA-interacting 
agents that have been rejected from this screen. Therefore, the per- 
formance of DNA-interacting agents in our cell-based screen cannot 
be generalized, and the built-in system of controls is stringent enough 
to discriminate compounds that act in a nonspecific and/or H1F-1- 
independent fashion. 

We have basically identified two different structures that interfere 
with HIF-1 transcriptional activity. NSC-607097, known as DX-52-1, 
is a more stable analogue of quinocarmycin (32). Quinocarmycin and 
DX-52-1 were evaluated at the NCI in the early 1990s using a 
disease-oriented drug screen system and were first identified as hav- 
ing melanoma specificity. In particular, seven of eight melanoma lines 
were more sensitive than average to DX-52-1. In addition, DX-52-1 
demonstrated in vivo antitumor activity against melanoma using 
staged s.c. implanted human xenograft models (24). Supported by 
these data, DX-52-1 was developed to Phase I clinical trials, but its 
use was discontinued because of unexpected and unpredictable tox- 
icities. Whether inhibition of HIF-1 transcriptional activation played a 
role in the performance of the drug in the clinical trial is unknown. We 
have found that NSC-607097 inhibits HIF-1 -dependent luciferase 
expression with an EC 50 of 170 n\t (data not shown) but with a 
relatively low SI, which raises the possibility that DX-52-1 has 
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Fig. 8. NSC-609699 specifically inhibits HIF-lot protein accumulation and DNA 
binding activity. A, U25l cells were incubated under normoxic or hypoxic conditions in 
the presence or absence of NSC-609699 (0. 1 jam) for 6 and 24 h. and then nuclear extracts 
were prepared as described in "Materials and Methods." Fifty ^tg of protein were 
separated on an 8% Tris-glycine gel. Specific monoclonal antibodies for detection of 
HIF-la and HIF-l/3 were used as described. Results shown are from one representative 
experiment of four performed. B, U25l cells were cultured under normoxic or hypoxic 
conditions as described in A) for 6 and 24 h, and then nuclear extracts were prepared as 
described. Electrophoretic mobility shift assay was performed with radiolabeled AB.2 
probe as described. Binding activities are labeled as follows: C, constitutive; and /. 
inducible. Results shown are from one experiment of at least three performed. 
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nonspecific effects at higher concentrations and may have a narrow 
therapeutic window. Interestingly, results of a parallel HTS using 
U937 cells engineered to express luciferase under the control of a 
CAAT/enhancer binding protein a-responsive promoter indicated that 
NSC-607097 (100 nM) induced luciferase expression to levels com- 
parable to retinoic acid, a known activator of this pathway * These 
data suggest that NSC-607097 has a differential effect on transcription 
factors, which may have distinct consequences on gene expression. 

The second class of compounds identified in the HTS is represented 
by drugs that inhibit Topo-I activity, topotecan and two CPT ana- 
logues. CPTs belong to a class of chemotherapeutic agents that 
stabilize the complex formed between Topo-I and DNA (33). In the 
presence of CPTs, Topo-I remains covalently linked to one strand of 
the DNA and thus leaves the DNA with a protein-linked DNA 
single-stranded break, which triggers cytotoxic lesions in metaboliz- 
ing DNA (30, 31). Besides DNA damage, inhibition of Topo-I has 
been associated with activation of the NF-kB pathway (23, 34) and 
inhibition of angiogenesis (35, 36). We have found that inhibition of 
Topo-I activity by topotecan is associated, under our experimental 
conditions, with HIF-1 transcriptional repression and down-regulation 
of H IF- 1 -dependent gene expression, with an EC 5G in the low nano- 
molar range. Inhibition of HIF-I transcriptional activity and VEGF 
mRNA expression by NSC-609699 was also observed in other human 
cancer cell lines including MCF-7, P388, CEM, and DU145 (data not 
shown). Consistent with these results, topotecan also inhibited hy- 
poxic induction of luciferase expression driven by a 1 .0-kb fragment 
of the VEGF promoter that encompasses the HIF-1 binding site, 
suggesting that topotecan inhibits VEGF transcription. Concomitant 
with inhibition of VEGF mRNA expression, topotecan independently 
induced COX-2 mRNA expression and had an additive e fleet with 
hypoxia, demonstrating that it mediates a distinct pattern of gene 
expression. Recently, therapeutic strategies aimed at blocking NF-kB 
activation associated with Topo-1 inhibition have been proposed to 
decrease NF-KB-dependent antiapoptotic effects (37). Our results 
raise the possibility that inhibition of COX-2 activity, which has been 
associated with angiogenic and tumor-promoting effects (38), may 
become an independent target of therapeutic strategies aimed at im- 
proving the clinical efficacy of CPT. 

Topo-I inhibitors may have a profound effect on gene expression. 
It has recently been shown that mRNA levels for particular genes may 
rise or fall in response to CPT treatment (39). The response of 
individual genes to CPT analogues may result directly from Topo-I 
inhibition (such as the immobilization of Topo-I complex on the DNA 
and sequential DNA damage) or may arise through secondary mech- 
anisms [such as inhibition of direct protein-protein interaction be- 
tween Topo-1 and other transcription factors (40) or recruitment of 
transcription factors through the immobilization of Topo-1 on specific 
DNA sequences (41)]. We found that inhibition of HIF-1 activity 
occurs in both transiently and stably transfected cells, suggesting that 
this activity is independent of DNA conformation (data not shown). 
More importantly, our results indicate that NSC-609699 selectively 
inhibits accumulation of HIF-1 a protein and consequently the appear- 
ance of DNA binding activity, which correlates nicely with inhibition 
of VEGF mRNA expression. Whether a direct inhibition of Topo-I 
activity is essential for inhibition of HIF-la protein accumulation and 
VEGF expression is currently under investigation in our laboratory. It 
is conceivable, however, that inhibition of Topo-l activity may be 
associated with more profound effects on transcription and may not be 
restricted to HIF-1. In this respect, it may become difficult to dis- 
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criminate the contribution of HIF-1 inhibition in the clinical setting, 
and this feature of topotecan or CPT analogues may not be fully 
exploitable in the clinical setting. 

In conclusion, screening of larger chemical libraries using cancer 
cell lines engineered with HIF-1 -inducible promoters may lead to 
identification of HIF-1 inhibitors that could be developed for clinical 
application. Accordingly, the DTP has undertaken a HIF-1 -targeted 
HTS campaign of a 1 40,000-compound library available at the NCI. 
Although the potential contribution of HIF-1 inhibitors to cancer 
therapeutics is largely speculative at this time, accumulating informa- 
tion on the involvement of HIF-1 in cancer progression makes HIF-1 
an attractive target for development of novel therapeutic strategies. 
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